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Abstract 
Here we use high-speed video to experimentally study yield-stress fluids impacting three 
types of surfaces that exhibit distinct and fascinating behaviors: coated surfaces, permeable 
surfaces, and hot surfaces. A variety of common materials such as peanut butter, toothpaste, 
paints, foams, printing ink, cement, and biological fluids can be described as “yield-stress 
fluids.” Their defining behavior is that they are effectively fluid at high stress and solid at low 
stress. Many applications take advantage of this duality, utilizing fluid-like behavior to distribute 
material (e.g. flowing paint through a spray nozzle), and solid-like behavior to hold material 
where it is placed (e.g. paint building up a coating layer that is stable under its own weight). In 
some applications, including firefighting and coating processes, the distribution of material 
involves drops of yield-stress fluids impacting surfaces. During these impact events several 
factors (material properties, drop size, drop speed, and surface properties amongst others) 
combine to cause a drop either to stick where it hits, or to display a range of diverse flow 
phenomena. For drop impacts on pre-coated, permeable, and heated surfaces we perform 
experiments at varying values of these parameters, and develop a dimensionless group that 
characterizes drop sticking behavior. 
When impacting a solid surface pre-coated with the same material, a drop of yield-stress 
fluid can calmly deposit itself on the surface, or experience a large splash event. When incoming 
drop energy (set by drop size and speed) is small compared to arresting forces (set by the 
material yield stress and surface geometry) all motion is quickly halted, and the drop becomes a 
lump on the surface. When incoming drop energy is large compared to arresting forces the drop 
splashes, creating a long-lifetime, evolving ejection sheet that can breakup to eject interestingly 
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shaped droplets. We study these extremes and the transition between them by observing impact 
events at varying drop size, drop speed, yield stress, and pre-coating thickness, and we develop a 
dimensionless group that characterizes stick/splash behavior. 
When impacting permeable solid meshes (rigid surfaces with small, evenly spaced 
openings), yield-stress fluids can either stick to the mesh and accumulate large volumes, or pass 
through the mesh matrix. When incoming drop energy is small compared to arresting forces a 
drop will be completely stopped, as though it were hitting an impermeable solid surface. When 
incoming drop energy is large compared to arresting forces the drop can traverse the mesh, 
flowing through the openings and breaking into smaller fluid particles with varying shapes, sizes, 
and velocities in the process. We study these extremes and the transition between them by 
observing impact events at varying drop size, drop speed, yield stress, and mesh geometry. We 
find that the same dimensionless group that characterizes stick/splash behavior on coated 
surfaces also effectively predicts material transmission through permeable surfaces. 
When impacting a dry, solid surface at sufficiently high temperatures, the Leidenfrost 
effect can be observed, wherein a layer of vapor is created between the material and the surface 
due to rapid boiling, which can prevent a drop from sticking to the surface. We report the 
unexpected result that at high temperatures yield-stress fluids are less prone to sticking than 
Newtonian fluids. As yield stress increases, the temperature required to prevent material 
adhesion decreases, and this critical temperature of all the aqueous yield-stress fluids we tested is 
lower than that of water. We study possible explanations for this counterintuitive trend using 
high-speed color interferometry. For all three types of surfaces our results and analysis 
characterize drop impact behavior as a function of a variety of input parameters, creating tools 
that enable design with and design of these complex materials for specific applications. 
iv 
 
In addition, we more closely examine one specific application of these fluids: 
firefighting. We present experimental data for pressure drops and flowrates of yield-stress fluids 
in hose flow, and establish design criteria based on equipment specs. For the same materials we 
also discuss design criteria for forming and maintaining a surface coating. Finally, we expand on 
the author’s prior analytical work in thixotropic-viscoelastic constitutive modeling, which 
predicted a unique model signature in asymptotically-nonlinear large-amplitude oscillatory shear. 
Here we provide experimental data that demonstrates the predicted unique scaling 
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Chapter 1 
Introduction* 
1.1 General background 
Many substances that we interact with every day can be described as ‘yield-stress fluids.’ 
The defining characteristic of this class of materials is their ability to resist deformation like a 
solid when small stresses are applied, yet flow like a fluid when large stresses are applied. Foods 
such as peanut butter or whipped cream, personal care products such as toothpaste or hand 
lotion, paint, mud, and many other materials that fit this description play a role in everyday life. 
Yield-stress fluids are also pervasive in industrial applications such as food processing, 
agriculture, chemical processing, medicine, grease lubrication, and manufacturing  [1–3]. Often 
these applications first take advantage of the fluid-like behavior to distribute or place the 
material, then the solid-like behavior to keep it in place. For example, paint can flow easily 
through a spray nozzle (fluid-like), then build up a layer on the target surface without flowing 
under gravity (solid-like). Many of these applications, including fire suppression and coating 
processes, involve fluid drops impacting surfaces. Some study has already been devoted to drop 
impacts of yield-stress fluids, but this has been limited to simple cases. Here we examine three 
                                                 
*
 Portions of this chapter appeared in the following peer-reviewed publications (re-used with permission): 
B. C. Blackwell, M. E. Deetjen, J. E. Gaudio, and R. H. Ewoldt, Physics of Fluids 27, 043101 (2015). 
http://dx.doi.org/10.1063/1.4916620 
B. C. Blackwell, M. E. Deetjen, J. E. Gaudio, and R. H. Ewoldt, Atomization and Sprays (2017). 
http://dx.doi.org/10.1615/AtomizSpr.2017017381 
B. C. Blackwell, A. E. Nadhan, and R. H. Ewoldt, Journal of Non-Newtonian Fluid Mechanics 0, 1 (2016). 
http://doi.org/10.1016/j.jnnfm.2016.06.012 
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different types of drop impacts that have yet to be explored in the literature for the case of yield-
stress fluids: pre-coated, permeable, and heated surfaces. 
First we examine drops impacting a surface that is already coated in a layer of the same 
material (Chapter 2,  [4]). In applications such as coating processes, while some droplets hit dry 
surfaces, many impact the surface where some of the impacting material has already been 
deposited. The problem of characterizing impact onto a pre-coated surface is more complex than 
that of a dry surface. Although the variable of surface hydrophobicity may be negligible, since 
the surface is completely wetted prior to impact, an extra variable—the thickness of the pre-
coating layer—affects the dynamics. In addition, the droplet can form an ejection sheet 
extending above and away from the surface that can deform in three dimensions and break up in 
multiple ways. Droplets on dry surfaces tend to deform primarily in the plane of the surface and 
rarely experience the type of dramatic splash events seen with a pre-coated surface. Here we 
explore the transition from sticking behavior to splashing behavior when a droplet of a yield 
stress fluid impacts a surface that is pre-coated with a uniform layer of the impacting material. 
First we detail our experimental material and apparatus, including a new device to create 
spherical droplets of yield stress fluids (Chapter 2.1). We then present a number of example 
droplet impacts, and proceed to observe and classify the different types of impact behavior as a 
function of four dimensional input variables (Chapter 2.2). We proceed discuss 
nondimensionalization of the problem and present the impact regimes as a function of the 
relevant dimensionless groups (Chapter 2.3), reducing the parameter space from four parameters 
to one parameter to distinguish different splash regimes. Finally, we present quantitative data on 
specific characteristics of the impact events, showing that the same dimensionless group that 
separates splash phenomena effectively characterizes these measures (Chapter 2.4)  [5]. 
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Next, we explore impacts on rigid surfaces with small, evenly spaced openings (Chapter 
3,  [6]). When impacting permeable solid meshes, yield-stress fluids can either stick to the mesh 
and accumulate large volumes as though it were a solid surface, or pass through the mesh matrix, 
breaking into smaller fluid particles with varying shapes, sizes, and velocities in the process. 
When a Newtonian fluid impacts such a surface, a small amount of fluid can adhere statically to 
the mesh and resist gravity due to surface tension (a balance determined by the Bond number). 
When the yield stress is sufficiently large, the rheological ability to maintain a static stress allows 
larger volume of fluid to accumulate without passing through. We show here that when the 
inertial stress generated by the impact is much greater than the viscous stresses and the yield 
stress of the fluid, the majority of the droplet can still traverse the mesh. Conversely, a permeable 
mesh may be effectively impermeable when the viscous and yield stresses are large enough 
compared to the inertial stress; in this case the entirety of a drop can be immobilized, much as 
though the surface were impermeable. To explore and characterize the space between these two 
extremes, we design experiments varying the drop size, impact velocity, mesh geometry, and 
rheological material properties (Chapter 3.1). We show sample images from high speed videos of 
representative impacts, and present data on both the percentage of material transmitted and the 
velocity of transmitted material (Chapter 3.2). We then perform dimensional analysis on the 
results, finding that the data are well characterized by the ratio of inertia to the sum of viscous 
and yield stress (Chapter 3.3), similar to our results with drops of the same material impacting 
pre-coated surfaces. 
We then examine impacts on surfaces at temperatures sufficient to induce boiling 
(Chapter 4). When impacting a dry, solid surface at sufficiently high temperatures, the 
Leidenfrost effect can be observed, wherein a layer of vapor is created between the material and 
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the surface due to rapid boiling, which can prevent a drop from sticking to the surface. While 
yield-stress fluids are generally considered “stickier” than Newtonian fluids, here we report a 
counterintuitive observation, showing that at high temperatures yield-stress fluids are less likely 
to adhere to a surface. To closely examine the physics at work, we construct an experimental 
setup that maintains a clear surface at high temperature, allowing us to take high-speed videos 
both from the side and from beneath. We also build a color-interferometry apparatus, allowing 
measurement of the thickness of the vapor layer between the fluid and surface (Chapter 4.1). We 
then systematically observe sticking and sliding behavior as a function of surface temperature 
and yield stress, and explore the dynamics at the fluid-solid interface to elucidate the cause of 
this unexpected trend (Chapter 4.2). 
Following the droplet impact experiments, we delve deeper into the application of yield-
stress fluids to firefighting, specifically looking at design criteria for flow through a hose and 
coating a surface (Chapter 5). We begin by discussing which rheological parameters are relevant 
to these design problems (Chapter 5.2). Both steady-state and transient material properties affect 
the ability of a material to perform in this application, so we select appropriate measures to 
represent both aspects. We also establish our characterization process to determine these 
properties for candidate materials (Chapter 5.3). We proceed to build a library of candidate yield-
stress fluids, and measure the key properties for each (Chapter 5.4). Finally, we develop critical 
design criteria based on real-world constraints, and plot the key material properties along with 
these criteria to create design maps for the problems of hose flow and surface coating (Chapter 
5.5). 
We conclude by turning to constitutive modeling of thixotropic yield-stress fluids 
(Chapter 6,  [7]). The author’s prior work established that a simple thixotropic-viscoelastic 
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constitutive model exhibits a unique signature in asymptotically nonlinear large-amplitude 
oscillatory shear  [8,9]. Here we provide experimental data supporting the importance of this 
unique prediction (Chapter 6.2). 
1.2 Related past studies 
Significant study has already been devoted to the impact of yield stress fluid droplets 
onto dry surfaces, primarily experimental studies focusing on the extent of spread  [10]. This 
included the development of scaling laws  [11] and time dependence  [12]. One study also 
looked at the effect of hydrophobicity  [13]. Some numerical work has also been devoted to the 
spreading of such drops  [14,15], and a variety of dimensionless groups have been explored to 
characterize experimental data  [16]. 
 Much study has also been devoted to the impact of Newtonian drops on wetted surfaces. 
Experimental works have examined the morphologies observed in the transition from deposition 
to splashing  [17,18], and developed correlations to predict behavior based on Weber number and 
Ohnesorge number  [19–22]. Past study has also looked at the characteristics of the ejection 
sheet  [23] including quantitative measures over the time evolution  [24,25]. The effects of film 
thickness and surface roughness has also been examined  [26–28]. Numerical studies have also 
looked at the evolution of the ejection sheet  [29,30] and the splashing transition  [31]. 
A similar formation of an ejection sheet and subsequent splash has also been observed in 
impacts of Newtonian drops on dry surfaces  [32], and the effects of surface roughness  [33–35] 
and ambient air pressure  [36–38] have been examined. While splash in Newtonian drops and dry 
impacts of yield stress drops have been explored, the problem of yield stress drops impacting 
pre-coated surfaces has not yet been addressed. 
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 Newtonian drops have never been studied on the type of meshes we work with here, 
though one study has looked at a surface with an individual small hole  [39]. More extensive 
work has been devoted to drops on individual fibers, examining both fluid capture  [40–42] and 
release  [43–46]. Yield-stress fluid drops have never been explored in these contexts. 
 The Leidenfrost effect in Newtonian fluids has been extensively studied  [47,48]. Some 
non-Newtonian fluids have been observed in the Leidenfrost regime, but this has been limited to 
dilute polymer solutions  [49]. Yield stress fluids have also been briefly examined on heated 
surfaces, but this has been limited to temperatures below the Leidenfrost regime  [50]. 
Flow of yield-stress fluids through pipes was studied as early as 1955  [51,52]. More 
recently, several investigations have been devoted to probing the radial velocity 
distribution  [53–55], laminar to turbulent transition  [56–60], and friction factor  [56–58,61] in 
such flows. 
1.3 Model material rheology 
For this first exploration into this experimental space, we use a well-studied model yield 
stress fluid: an aqueous solution of Carbopol 940, neutralized to a pH of 7. Carbopol is a 
polymer microgel, a crosslinked polymer particle. Particles in solution form a jammed system 
that exhibits a yield stress when the concentration is sufficiently high. Carbopol suspensions are 
soft glassy materials that have a very short thixotropic restructuring time (on the order of 1 
second)  [62]. Figure 1 shows the steady-shear flow curves of the four concentrations of 
Carbopol used in chapters 2-4 (chapter 4 uses an additional three concentrations that lie between 
the four shown here). Data shown are sweeps from high rate to low rate, hence the measurement 
results in a dynamic yield stress. This is relevant for the drop impact experiments which also first 
expose the material to large stress at impact, which then decreases throughout the duration of the 
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impact event. While the static yield stress is important for initial deformation, which is relevant 
to the experiments reported here, this is not considered in our analysis because Carbopol exhibits 
a negligible difference between its two yield stresses [62]. 
Rheological characterization was performed on a TA Instruments DHR-3 rotational 
rheometer using a parallel disk geometry with adhesive-backed sandpaper to prevent slip (tests 
were performed at multiple gaps to verify the absence of slip)  [64]. Parallel disk corrections 
were used to compute the true shear stress from the torque measurements  [65]. The curves can 
be reasonably approximated by fitting a two parameter Bingham model, characterizing each 
concentration with a yield stress and an infinite shear viscosity. Better fits can be achieved with 
more parameters, but in consideration of easily interpreting results we will proceed with a two 
parameter fit (we will discuss this further in Chapter 2). 
 
Figure 1. Steady-state flow curves for four concentrations (wt%) of Carbopol in water (pH 7). 
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Chapter 2 
Pre-coated surfaces* 
2.1 Experimental setup 
One issue in studying drops of yield stress fluids is that the presence of a yield stress allows 
drops to stably maintain non-uniform shapes (e.g.  [10–12]), and the shape of a drop can affect 
impact dynamics. Spherical drops lend greater repeatability and simpler physics to the 
experimental process. As such, we designed and fabricated the device diagramed in Figure 2, 
which employs two counter-rotating quarter spheres with hydrophobic coatings to carve spheres 
of gel. The improvement in shape is shown in Figure 3. 
                                                 
*
 The content of this chapter appeared in the following peer-reviewed publications (re-used with permission): 
B. C. Blackwell, M. E. Deetjen, J. E. Gaudio, and R. H. Ewoldt, Physics of Fluids 27, 043101 (2015). 
http://dx.doi.org/10.1063/1.4916620 
B. C. Blackwell, M. E. Deetjen, J. E. Gaudio, and R. H. Ewoldt, Atomization and Sprays (2017). 
http://dx.doi.org/10.1615/AtomizSpr.2017017381 
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Figure 2. Spherical droplet cutting mechanism. (a) side view drawing showing how the spherical shape is formed. 
(b) 3-D model in starting, intermediate, and final position (left-to-right). The inner diameter of the quarter-spheres 
shown here is 20mm. 
                          a) Drip                               b) Cut 
 
 
 
 
   
Figure 3. Cutting mechanism performance. (a) drop extruded from a syringe and formed by gravity; (b) drop cut by 
mechanism detailed in Figure 2. 
We perform impact experiments by positioning the spherical droplet mechanism above a 
horizontal glass plate coated with a layer of the same material as the droplet, as drawn in Figure 
4. The material was centrifuged to remove air bubbles, then applied to the surface and spread to 
the target thickness using a flat blade guided by spacers on either side of surface. The thickness 
of the pre-coated layers is verified to within 0.15 mm with a LK-H022 Laser Displacement 
Sensor from Keyence Corporation. An angled mirror beneath the glass plate allows for biaxial 
10 mm 
a) 
b) 
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viewing. A Vision Research Phantom Miro eX4 Color high speed camera was used to record 
impact events with a 50mm lens at aperture f5.6, at an image resolution of 512x512 pixels and a 
sampling rate of 2000 frames per second. 
 
Figure 4. Diagram of the high speed video apparatus (not shown to scale). 
2.2 Results 
One of the key features of yield stress fluid drops is that upon impact they can stick to a 
surface. Of the myriad factors that can be measured and analyzed from the videos shown below, 
here we choose to examine this sticking behavior. Whether the droplet sticks and the material 
stays localized or the droplet splashes and the material is distributed is a fundamental 
characteristic of the impact event that is relevant to all droplet applications, and provides a good 
starting point to understanding the physics at work. Figure 5 compares this sticking phenomenon 
with Newtonian behavior. The yield stress fluid leaves a crater and a ring on the surface, 
showing halted motion and “sticking,” while the Newtonian fluid continually flows back to the 
impact site to eventually renew a flat surface. 
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Figure 5. Comparison of water and Carbopol. Water continually flows, whereas Carbopol holds a crater and a ring. 
20 mm diameter drops impacting a 4 mm thick layer at 5.5 m/s 
Carbopol (0.25wt%) Water 
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The sticking phenomenon may halt drop impact dynamics at various points during the impact 
event, depending on the conditions. A typical impact event involves crater formation, sheet 
ejection, sheet breakup, and droplet formation. Figure 6 show high speed video images under 
different conditions, demonstrating a range of behaviors where motion is halted at different 
points of the impact event. Four parameters are varied: gel concentration, pre-coated layer 
thickness, impact velocity, and drop size. We will use the word “splashing” to refer to impact 
events that involve sheet breakup into multiple coherent volumes (droplet formation). This tends 
to broadly spread material away from the impact location. When motion is halted earlier in the 
impact event, the drop tends to “stick” and stay near the impact location. 
An annotated compilation of videos associated with the still images shown here can be found 
online at arXiv:1310.4186. Figure 6 shows images at progressing time of three impact events at 
varying concentration while holding constant the velocity, thickness, and drop size. 
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Figure 6. Varying concentration: 20 mm diameter drops impacting a 4.0 mm thick layer of material at 6.3 m/s. 
As the concentration of the gel increases (increasing the yield stress of the material) the impact 
behavior transitions from splashing to sticking. The 0.1% gel forms a very large ejection sheet 
that ruptures and results in free droplets with high outward velocity. The 0.25% gel forms a 
smaller ejection sheet that experiences rupture, but the outward momentum is nonetheless halted 
and the material spreading is limited. The 1.0% gel is one cohesive mass throughout the event, 
and no material escapes a small radius around the center of impact. 
0.10wt% 0.25wt% 1.00wt% 
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These impacts show several other features that are not seen in Newtonian fluids. In all three 
cases in Figure 6 the impact crater stops expanding. In Newtonian droplets the expanding extent 
of flow in the base layer can slow due to viscous forces, but never completely stops during the 
impact event. The presence of a yield stress allows expansion of the disturbance in the base layer 
to halt when the flow stresses in the crater fall below the yield stress. The images show that in 
the higher concentration droplets, the base pins sooner and closer to the center of the impact 
event. This results in a shallower angle between the ejection sheet and the surface as the yield 
stress increases. A Newtonian fluid will also evolve to spherical droplets and flat surfaces due to 
capillary forces given sufficient time. The ability of the yield stress to outweigh capillary stresses 
allows the Carbopol to hold irregular shapes at the end of the impact event. The 0.1% gel shows 
thread-like strands at 0.1s, the 0.25% gel shows a suspended ribbon-like ring at 0.1s, and the 
1.0% gel holds a crater after 0.05s. The frames at 0.01s also show an increase in smoothness and 
a decrease in crowning around the top of the ejection sheet as the concentration increases. 
Figure 7 shows three impacts onto pre-coated layers with varying thickness (drop size, 
velocity, and material concentration are held constant). 
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Figure 7. Varying thickness of pre-coated layer. 20 mm drops of 0.5% Carbopol impacting at 5.6 m/s. 
The transition from splash to stick occurs as the pre-coating layer thickness increases. When the 
thickness is high the material remains cohesive and no droplets are ejected, while at lower 
thicknesses the ejection sheet breaks up and droplets leave with high outward momentum. The 
angle between the ejection sheet and the surface also varies, getting steeper with more prominent 
“stick” as the thickness increases. Note that this is the reverse trend from what was seen when 
Thickness = 0.25mm 1.5mm 3.0mm 
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varying concentration; there material sticks when the ejection angle is low (Figure 6, 0.01s). In 
Figure 7, at all thicknesses, the shape of the ejection sheet is the same (conical), whereas in 
Figure 6 the sheet shows a change in curvature as the concentration varied. The duration of the 
impact event from first contact to all material coming to rest is roughly constant with varying 
thickness (the event is longer when the layer is thinner, but the difference in time is small in 
Figure 7), whereas with varying concentration this timescale varies greatly (Figure 6). We will 
also see the same timescale varying with velocity and initial drop size. 
Figure 8 shows three impacts at varying velocity, while holding constant the drop size, layer 
thickness, and concentration. 
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Figure 8. Varying velocity. 20 mm diameter drops of 0.25% Carbopol impacting a 1.5 mm thick layer. 
The transition from stick to splash occurs as the impact velocity increases. At 2.5 m/s the event is 
very short (all motion stopped within 0.02 seconds), and no material travels more than 30 mm 
from the center of impact. At 3.6 m/s a straight-sided sheet forms and begins to break up, but all 
Velocity = 6.36m/s 3.64m/s 2.46m/s 
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momentum is arrested before any droplets are produced. At 6.4 m/s a large, bowl-shaped sheet 
forms and explodes into an assortment of threads that spread outward. 
Figure 9 shows three impacts at varying drop size with velocity, thickness, and concentration 
held constant. 
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Figure 9. Varying drop size. Drops of 0.5% Carbopol impacting a 0.5 mm thick layer at 4.9 m/s. 
The transition from stick to splash occurs as the drop size increases. The 10 mm drop forms a 
straight-sided ejection sheet that reaches a maximum radial extent (at roughly 0.008s), then 
retracts inward (as can be seen by the smaller final radius at 0.02 s). The 15 mm drop forms a 
Diameter = 25mm 15mm 10mm 
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straight-sided sheet that ruptures from the middle, leaving a broken ring of material laying on the 
surface surrounding the impact area. The 25 mm drop forms a curved sheet that breaks up into 
threads that are ejected outwards. 
In all four parameter variations (Figure 6), larger ejection sheets with greater curvature and 
longer impact event duration were associated with splashing, while straight-sided sheets and 
short timescales were associated with sticking, and motion being halted earlier in the impact 
event. The angle of the ejecting sheet varied with all four input parameters, but there was no 
consistent trend of splashing events corresponding to higher or lower angles compared to 
sticking events. 
These videos demonstrate that a spectrum of behavior exists in the transition from sticking to 
splashing. To capture this, we classify the type of event according to five different categories: 
lump, crater, intact sheet, broken sheet, and splash. These categories correspond to how early or 
late the motion is halted during an impact event. These descriptive categories are defined as 
follows: a “lump” when the maximum height of the final profile lies at the center of the impact; a 
“crater” when the maximum height of the final profile lies away from the center of the impact,  
and a sheet extending above the pre-coating (ejection sheet) does not form; an “intact sheet” 
when an ejection sheet forms but experiences no rupture; a “broken sheet” when the ejection 
sheet ruptures, but remains one contiguous mass; and a “splash” when the ejection sheet breaks 
into more than one piece. 
We expect to see a transition from “lump” to “splash” behavior as input momentum increases 
and dissipative forces decrease. Greater drop diameter and impact velocity increase the input 
momentum, while lower concentration and thinner pre-coating thickness decrease dissipative 
forces. Therefore splashing events (“splash” and “broken sheet”) are expected at large velocity, 
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large diameter, low concentration, and small thickness, while sticking events (“lump,” “crater,” 
and “intact sheet”) are expected at small velocity, small diameter, high concentration, and large 
thickness. We performed tests at four values of each of these four parameters, as delineated in 
Table 1, resulting in 256 distinct combinations of parameters. As we will see, this covers the 
parameter space to produce the range of behavior from “lump” to “splash,” including the 
examples shown in Figure 6. 
Table 1. Values of experimental parameters explored. 
Parameter Values tested 
Velocity (m/s) 2.54 3.81 5.09 6.35 
Concentration (wt%) 0.10 0.15 0.25 1.00 
Diameter (mm) 10 15 20 25 
Thickness (mm) 0.5 1.5 3.0 4.0 
 
Figure 10 is a two-dimensional grid of two-dimensional subplots, which maps the four-
dimensional parameter space. At each coordinate location, a color-coded box indicates the type 
of impact as lump, crater, intact sheet, broken sheet, or splash. Each subplot has Cartesian 
coordinates of pre-coating thickness and drop diameter; a single subplot is associated with a 
fixed concentration and impact velocity. The subplots are organized as a grid with Cartesian 
coordinates corresponding to the concentration and velocity. 
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Figure 10. Impact type plotted as a function of four dimensional input parameters. Values of velocity, concentration, 
diameter, and thickness are shown in Table 1. 
The regime map shows the expected extremes, converging to splash impacts in the upper left, 
and lump impacts in the lower right of Figure 10. The transition is mostly monotonic between 
the event categories with respect to all four varied inputs. Moving both within each subplot and 
from subplot to subplot, sticking behavior is observed lower and farther to the right, while 
splashing behavior is observed higher and farther to the left. The transitions are smoothly 
resolved for the parameter values. Nowhere does one step in any parameter cause a transition of 
more than two categorizations, e.g. a crater never becomes a splash by increasing/decreasing one 
parameter by one increment in our experimental space (Table 1). 
The wide range of observations in Figure 10 show clear trends and lend understanding of the 
behavior. Yet, the four-dimensional parameter space would be complex for any application, 
especially those outside the specific range of values studied here. Next, we pursue dimensionless 
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groups that would: (i) reduce the dimensionality from four parameters to as few as possible, 
ideally to one parameter; (ii) provide deeper insight in to the physics; and (iii) potentially allow 
for extrapolation of these results beyond the range of parameters explicitly explored here, in 
cases with dynamic and geometric similarity to the experiments performed here. 
2.3 Dimensionless groups 
Our goal is to reduce the number of parameters required to characterize this space, ideally 
identifying a single parameter that indicates the type of impact event a droplet will exhibit. Prior 
work found good results separating splash and deposition in Newtonian droplets impacting thin 
films using a combination of the Weber number 
 2We V D  , (1) 
Ohnesorge number 
 Oh D  , (2) 
and dimensionless film thickness t D  (Figure 10 of  [19]), where  is the surface tension. Figure 
11 shows a plot of the parameter used by  [19], using   in place of   in Eq. (2). 
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Figure 11. Correlation for Newtonian droplets does not perform well for yield stress drops. We and Oh defined in 
Eqs. (1) and (2), respectively. 
For Newtonian fluids a transition from deposition to splash was seen for values of the calculated 
parameter greater than one. In contrast to the Newtonian result, the yield stress data in Figure 11 
show a stronger tendency toward deposition (exhibiting deposition at higher values of the 
parameter), and also a larger region of the parameter space where both sticking and splashing 
events occur. The greater overlap between the behavioral regimes indicates that this correlation 
is not effectively applicable to yield stress drops. 
For further analysis we consider the output as a function of seven parameters: four fluid 
properties (yield stress, infinite shear viscosity, surface tension, and density), two geometric 
(drop diameter, pre-coating layer thickness), and one flow (impact velocity). Other parameters, 
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such as thixotropic timescale and extensional viscosity, may also affect the dynamics. At present 
we omit these because the thixotropic restructuring time is not likely to vary in our experiments 
(changing the material to change this timescale stands as interesting future work), and variation 
in extensional viscosity in Carbopol is not substantially different than variation in shear 
viscosity  [66]. It is worth noting that measurement of surface tension in yield stress fluids is a 
challenging task, as the presence of a yield stress invalidates many common methods of 
quantifying capillary forces. Recent work measuring the surface tension of Carbopol found that 
its deviation from that of water was small (less than 10%), and that it did not vary strongly with 
gel concentration  [67]. 
By the Buckingham Pi theorem, the independent parameter space (seven parameters) can be 
characterized by a maximum of four dimensionless groups. A number of dimensionless groups 
have already been examined in the literature for impacts of yield stress droplets onto dry surfaces 
(e.g. Table 2 of  [16]). It can easily be seen from Figure 6 that the thickness of the pre-coating 
layer has a non-negligible effect, hence the previously outlined groups  [16] prove insufficient 
when trying to distinguish between impact regimes on coated surfaces. 
We now construct a new dimensionless group beginning with the hypothesis that the stick-to-
splash transition will best be governed by a comparison of inertia to dissipative flow forces (the 
latter involving both the yield stress and rate-dependent viscous forces). The presence of two 
length scales in the problem requires judicious choices as to when the use of drop diameter D or 
coating thickness t is appropriate. We calculate the characteristic inertial, yield, and viscous 
stresses as 
 2Inertial stress V   (3) 
 Yield stress y   (4) 
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 Viscous stress /V t  . (5) 
The use of t as the lengthscale in the viscous stress is appropriate under the assumption that flow 
permeates the impacting layer. The velocity at the surface scales with the impacting velocity, 
hence the appropriate scaling for the characteristic shear rate is V t  if the velocity gradient is 
constant throughout the layer. The majority of our tests show that this assumption is good. If 
conditions were such that flow did not permeate the layer, and the location of zero velocity was 
the edge of an unyielded portion of the fluid rather than the boundary, another lengthscale would 
be more appropriate (e.g. in the semi-infinite limit velocity gradient lengthscale would have no 
dependence on the thickness). The dimensionless group comparing inertial stress (I) to flow 
stress (F) then takes the form 
 
2 inertial stress
IF ~
/ flow stressy
V
V t

 


 . (6) 
The geometry of the problem dictates that we consider balance of forces rather than stresses 
to appropriately incorporate all length scales. Figure 12 shows an image of a droplet impact with 
a mirror beneath the clear impact surface, giving a side view and an underneath view of the 
crater and ejection sheet. 
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                         Side view: 
 
 
 
                     Bottom view: 
 
 
 
 
Figure 12. Image shows lengthscales used in scaling arguments, which is how pre-coating thickness is incorporated 
into the analysis. Forces from stresses that act over the area of the crater are scaled by the drop diameter squared, 
while forces from stresses that act over the area of the ejecting sheet scale like the product of drop diameter and 
layer thickness. 
Drawn on this are shapes showing how the relevant areas in the problem scale with the two 
length scales that we are examining. We convert the stresses in Eq. (6) to forces by multiplying 
by appropriate areas, considering that inertial stresses should convert to forces by the area 2~ D , 
and viscous and yield stresses should convert to forces by the area ~ D t . The ratio of inertial 
forces to dissipative flow forces is then approximated by 
 
 
2 inertial force
IF ~ .
flow force/y
V D D
tV t t

 


 (7) 
We hypothesize that constant values of this force ratio identify transitions between impact 
regimes. In other words, this predicts that the critical regime transition scales as 
 
2
~
/y
V t
V t D

 
 . (8) 
To test this hypothesis, Figure 13 shows a regime map of the impact type, plotted with 
dimensionless layer thickness ( /t D ) on the abscissa and IF on the ordinate. 
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Figure 13. Ratio of inertia to dissipative flow stress effectively separates impact regimes across all values of 
thickness. 
This framing does a much better job of separating the different types of impact behavior 
compared to Figure 11. At smaller values of 
 
2
/y
V D
V t t

 
 (when the dissipative flow force is 
greater than the inertial force) we see sticking behavior, and at larger values of 
 
2
/y
V D
V t t

 
 
(when the inertial force is greater than the dissipative flow force) we see splashing behavior. As 
predicted in Eq. (8), the transitions between regimes show a slope of approximately 1. 
At the lowest and highest values of /t D  examined, separation between regimes is perfect, 
with no overlap (no range of values of IF for which one impact type is observed contains 
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instances of another impact type). At moderate /t D , a small amount of overlap is present, but 
stick events and splash events never coincide for more than a half decade of values of IF. This is 
greatly improved over the regime map shown in Figure 11, which shows over a decade of 
overlap between stick and splash events, and superior to the other parameters we explored 
(including combinations of Reynolds, Ohnesorge, and Capillary numbers). 
It is worth noting that in this study we have not varied to the yield stress and the infinite 
shear viscosity independently. The ratio 
y   is roughly the same for each of the four 
concentrations of Carbopol that we used. Therefore the data points characterized by a higher 
yield stress also inherently have higher viscous dissipation. Separately varying the yield stress 
and infinite shear viscosity stands as future work. This could be done by testing different 
materials with identical yield stress but varying infinite shear viscosity. 
2.4 Quantitative measures 
Here we move beyond the qualitative descriptions of event type by examining four 
quantitative measures in the same experimental data set of drop impacts: maximum height hmax, 
maximum spread diameter Dmax, event duration time tfall, and final crater diameter Dcrater. We will 
show that the same dimensionless group of Eq.(7) effectively collapses these quantities. 
Figure 14 defines the four quantitative measures reported here: hmax, tfall, Dmax, and Dcrater. All 
quantitative observations, across the 256 combinations of experimental parameters, are provided 
in Supplemental Information. We see that each measure is a non-trivial function of the four-
dimensional experimental parameter space of drop size, impact velocity, pre-coating thickness, 
and Carbopol 940 concentration (rheology). Yet, as we will show, the observable quantities have 
monotonic scaling, all with positive correlation, with the dimensionless group of Eq.(1).  
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Figure 14. Example drop impact and the four quantitative measures reported. (a) Side view of drop impact, labeling 
the maximum height hmax, maximum extent of deposition Dmax, and time to sheet fall tfall. (b) Bottom view after a 
drop impact, labeling crater diameter Dcrater. Example shown is one of 256 parameter combinations here with drop 
diameter D=20 mm, impact velocity V=6.3 m/s, pre-coating thickness t=4.0 mm, for 1.00wt% aqueous Carbopol 
940 (yield stress σy=106 Pa). 
The definitions and relevance of the four observable quantities are as follows. The maximum 
height hmax is defined as the highest location the ejection sheet reaches at any point during the 
impact event, measured from the top of the pre-coating layer. Maximum height hmax 
characterizes the intensity of rebound, which is particularly important for adhesion if the surface 
is not horizontal (i.e. if gravity is not normal to the surface). The maximum extent of deposition 
Dmax is defined as the diameter of drop material on the surface at the end of the impact event 
(sheets can retract, hence material may temporarily spread farther than this earlier in the event). 
For breakup events Dmax was only recorded if all material remained on the impacting surface 
(which was a 6” square), and was measured as twice the radius to the farthest piece of deposited 
material. None of the observed events were sufficiently asymmetrical to require a definition 
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accounting for azimuthal variation. The crater diameter Dcrater is defined as the diameter to the 
local maximum in height that is observed nearest the center of impact, as identified from the 
underneath view (Figure 14b). The radial distance observables (crater size Dcrater and maximum 
diameter Dmax) characterize how evenly (smaller craters have more variation) and how broadly a 
droplet deposits material; broad deposition may be good for spray coating, but bad for precise 
printing applications. The time to sheet fall tfall is defined as the time from first contact between 
drop and surface to the moment when motion is halted. Event time tfall is important to the process 
of coating if several drops are hitting in sequence, as a subsequent drop will behave differently 
impacting an evolving sheet than it will impacting a stationary surface. 
We first consider an observable as a function of single experimental parameters, which will 
demonstrate the significant benefit of non-dimensionalization. Figure 15 reports the maximum 
height hmax as a function of impact velocity and pre-coating thickness. From experimental videos, 
we can observe that for fixed values of other variables, the maximum height increases with 
increasing velocity. That is, greater input energy sends material farther in whatever direction it is 
going. When plotted against just the velocity (Figure 15a), a general positive correlation is 
apparent, but that correlation is weak and there is a large distribution (nearly two orders of 
magnitude) of rebound height at any particular velocity. Additionally, we have observed that hmax 
increases with pre-coating thickness, holding all other variables fixed. From the videos we 
observe that a thinner fluid layer results in a shallower ejection angle (see Figure 7 of  [4]), 
which correlates with smaller maximum rebound height. Figure 15b shows hmax as a function of 
pre-coating thickness, but the correlation is hardly apparent, suggesting that a non-trivial 
dependence upon all four input variables. Thus, no single dimensional measure well 
characterizes the behavior. 
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Figure 15. Maximum height plotted against dimensional input variables a) velocity and b) pre-coating thickness. 
Varying drop size is denoted by symbol size, while varying concentration is denoted by symbol shade. 
Similar spread can be observed for each of the other measures that we examine here when 
they are plotted against individual dimensional inputs. It is the need to account for all effects 
simultaneously that drives the pursuit of a dimensionless group to collapse the behavior. 
Figure 16 shows the maximum height plotted against the dimensionless group in Eq.(1), the 
parameter that created the regime map shown in Figure 13 of  [4]. While some spread still exists, 
the data are much better represented as a function of this quantity. Other forces, such as surface 
tension and gravity, also play a role in the drop impact dynamics. The fact that the data show a 
small amount of spread indicate that the forces considered in this analysis (inertia, yield stress, 
and viscosity) are dominant in determining the examined quantity. Note that this plot includes 
only 178 of the 256 impact events observed in  [4], as 78 had a maximum height beyond the 
frame of the captured video (approximately 100 mm). On the double-log plot, the data roughly 
follow a linear trend with slope one (fitting a power law gives a slope of 1.11 with standard error 
0.044).  
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We can rationalize the positive correlation in Figure 16 by considering that any remnant 
momentum, redirected away from the surface, will monotonically correlate to the ratio of inertial 
to dissipative effects. The linear power law scaling might be expected by considering the trade-
off between remnant, re-directed kinetic energy and gravitational potential energy at hmax, for 
which hmax would linearly depend on available kinetic energy. However, this is complicated by 
cases where the fluid “sticks” and creates a lump, and a more refined theoretical consideration is 
merited.  
 
Figure 16. Maximum rebound height hmax correlates with the dimensionless ratio given in Eq.(1), with a line of slope 
one drawn as a guide to the eye to indicate the trend. 
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Figure 17. Impact event time versus the dimensionless group in Eq.(1), with a line of slope 1.5 drawn to show the 
power law trend. 
Figure 17 shows event time plotted against the dimensionless group of Eq.(1). We note that 
only the 122 observed “stick” events (lump, crater, and intact sheet events as delineated in Figure 
10 of  [4]) are plotted, as characterization of timescales in sheets that exhibit breakup is a 
distinctly different phenomenon and not well characterized by this analysis. The data show a 
clear trend of  
3 2
fall ~ IFt D t  (fitting a power law gives a slope of 1.57 with standard error 
0.054). The correlation for tfall is tighter than that of hmax Figure 16, and with a different 
powerlaw dependence. Here for tfall, the monotonic trend can be expected because higher initial 
momentum would take longer to slow down to a stop, and the ratio of inertial to dissipative 
forces captures this effect. The power law exponent of 3/2 is less clear, and may depend on a 
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combination of dissipative effects and gravity combined; for a given impact velocity, a stronger 
gravitational body force would decrease the event timescale for the ejection sheet to fall back 
down to the substrate.  
 
Figure 18. Crater diameter depends sub-linearly on the dimensionless group of Eq.(1); a line of slope 0.5 is drawn as 
a guide to the eye. 
Figure 18 shows the resulting crater diameter Dcrater plotted against the same dimensionless 
group. Both stick and splash events are including, since the crater diameter is observed from 
below and can be observed for all 256 combinations of experimental parameters. The crater 
diameter of each type of event depends sub-linearly on the dimensionless group, with each 
showing a trend of roughly  
1 2
crater ~ IFD D t (fitting a power law gives a slope of 0.50 with 
standard error 0.031 for sticks and a slope of 0.42 with standard error 0.032 for splashes). The 
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data for Dcrater do not collapse as tightly as maximum height or event timescale. This indicates 
that while the parameter IF improves characterization (the data are substantially more aligned as 
a function of IF than as a function of dimensional inputs or other dimensionless parameters), 
factors not considered here (such as gravity and surface tension) play a stronger role in dictating 
the crater diameter than the other quantities that are better characterized by IF. Both event types 
scale similarly, which can be understood by considering that the “splash” events identify breakup 
of the ejection sheet, which occurs after the crater formation and has no strong feedback on the 
formation of the crater itself.  
The sub-linear power law dependence in Figure 18 suggests that the crater area or crater 
volume is more linearly correlated to the dimensionless group of inertial to dissipative forces. 
The power law of ½ is shown as a guide to the eye, which would correspond to crater area 
linearly mapping to the dimensionless group. Studies into impacts on granular media have also 
shown sub-linear scalings, with  [68] and  [69] reporting crater diameter to scale with input 
energy to the ¼ power. The crater volume is more complicated, as it is limited by the pre-coating 
thickness.  Crater depth was not quantitatively measured in our experimental setup, but it is clear 
from visual inspection that some craters may or may not have depths that approach the pre-
coating thickness. Small depth craters and full-film-thickness craters may behave differently, 
which may contribute to the spread in the data in Figure 18.   
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Figure 19. Radial extent of deposition correlates positively with the dimensionless group of Eq.(1); a line of slope 
0.75 is drawn as a guide to the eye. 
Figure 19 reports the maximum diameter of drop deposition, again as a function of the 
dimensionless group of Eq.(1). Note that this plot includes only 119 of the 256 impact events 
observed in  [4], as 137 had a maximum horizontal extent beyond the frame of the captured 
video (approximately 200 mm). Here, as with the previous measurable quantities, Dmax has a 
positive correlation with the ratio of inertial to dissipative effects (fitting a power law gives a 
slope of 0.77 with standard error 0.041).  More impact momentum, with less dissipation, causes 
the drop to deposit over a larger area. This trend appears even at the slowest speeds in the 
experimental window, when droplets simply form a “lump” upon impact. At much slower 
speeds, this trend would be expected to plateau and be determined instead by gravitational 
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stresses rather than impact momentum (e.g. such gravitational slumping is used as a simple 
characterization of the yield stress, which itself must consider different regimes of flow 
conditions  [70].    
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Chapter 3 
Permeable surfaces* 
3.1 Experimental setup 
Again seeking a simple case as a starting point for investigating this high-dimensional 
problem, geometrically periodic solid meshes are chosen as the impacting surface. First, 
experiments were performed using a woven aluminum wire mesh (0.25mm diameter wires 
spaced evenly every 1.50mm, as pictured and diagrammed in Figure 20b). Then, in order to 
examine varying geometry, experiments were performed using perforated sheets. Steel sheet was 
cut with a honeycomb pattern using a water jet, as pictured and diagrammed in Figure 20b, with 
dimensions as defined in Table 2. Three different geometries were used to compare meshes with 
the same hole size but different spacing, as well as the same percent open area but different hole 
size. The hole size in the woven mesh has some slight variation due the weave; however, the area 
on which drops are incident is large enough to engage several holes and produce an average 
effect, as evidenced by the variation in repeat measurements on the wire mesh being comparable 
to that of the cut sheet mesh. 
                                                 
*
Portions of this chapter appeared in the following peer-reviewed publication (re-used with permission): 
 B. C. Blackwell, A. E. Nadhan, and R. H. Ewoldt, Journal of Non-Newtonian Fluid Mechanics 0, 1 (2016). 
http://doi.org/10.1016/j.jnnfm.2016.06.012 
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Figure 20. Experimental setup. a) Diagram of the overall setup, showing droplet at 1 initial height ,2 impact, and 3 
mass collection and measurement b) photographs and dimensions of wire mesh and cut sheet (Table 2). 
 
 
Table 2. Dimensions of cut sheet as drawn in Figure 20b. The percentage open area is matched between Meshes 1 
and 2 but with different hole sizes. Hole size is matched between Meshes 2 and 3 but with different open area 
percentages. 
 D (mm) L (mm) % Open (1-f) 
Mesh 1 1.5 2.0 50 
Mesh 2 2.0 2.7 50 
Mesh 3 2.0 3.3 33 
 
Drops were dispensed into a hydrophobic concave vessel to a defined mass, then released 
from a defined height (which was varied to change the impacting velocity). A mass balance was 
placed below the impacting mesh to measure the mass of the transmitted material, as 
diagrammed in Figure 20. High speed video (using a Photron Mini-UX 100 with Nikon 105 mm 
macro lens) was recorded for every impact . The video recordings show the qualitative impact 
dynamics and were used to verify that all transmitted material was captured on the scale 
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(spreading and splashing can allow material to escape in larger and faster drops), as well as to 
measure and quantify the resulting droplets created by the mesh impacts. The leading edge speed 
of the droplets traversing the mesh was measured by recording the time from impact to the first 
droplet reaching a fixed distance below the mesh. Measurements were repeated 5 times, and 
averaged to produce the data that are plotted in Section IV. 
The range of experimental inputs (drop sizes, drop velocities, mesh sizes, material properties) 
is shown in Table 3, and gives ranges of standard dimensionless parameters shown in Table 4.  
Table 3. Values of dimensional input parameters tested. 
Parameter Values tested 
Mass (g) 0.10 0.30 1.00 3.00 
Velocity (m/s) 2.54 3.81 5.09 6.35 
Concentration (%) 0.10 0.15 0.25 1.00 
Yield stress (Pa) 13 33 64 106 
Infinite-shear viscosity (Pa.s) 0.23 0.49 0.96 2.10 
 
The Bond number for all experiments ranges from about 1-5, indicating that static adhesion 
due to surface tension alone will be limited by gravitational forces. The Weber number for all 
tests is on the order of 100-1000, indicating that initial impact events will be primarily dominated 
by inertia, rather than surface tension. The yield stress and surface tension are also worth 
comparing, as two possible effects to ‘stick’ liquid to the meshes, and also in competition to 
determine the shape of drops. Large droplets may not be spherical  [4], due to the inability of 
capillary stresses to deform material above a characteristic radius larger than Rcrit = γ/σy.  
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Estimates of characteristic shear rates are also shown in Table 2, based on the impact 
velocities and mesh geometry. These largest shear rates, at impact, are outside the range of 
measured shear rheology in Fig. 1 by 1-2 decades. The Bingham model fits help extrapolate into 
this region; of course the arrested motion involves much lower shear rates that are well within 
the range of rheological characterization in Fig. 1. 
Table 4. Ranges of standard dimensionless quantities and estimated shear rates at impact explored in this 
experimental space. 
Quantity Definition Minimum tested Maximum tested 
Bond number 
drop
mesh
gD
d


 
1.17 4.81 
Weber number 2
mesh
V
d


 
81.3 868 
Characteristic shear rate at impact 
2mesh
V
d
 
1990s
-1
 7510s
-1
 
 
3.2 Results 
Figure 21-Figure 24 show images of drop impacts with varying additive concentration (water 
and three concentrations of Carbopol additive), controlled to have the same drop size (0.4g) and 
speed (2.5m/s) impacting two layers of the same mesh (mesh 1, with dimensions as defined in 
Table 2). Snapshots are shown at 7.5ms increments (from 2.5ms before impact to 50ms after 
impact).  
Important qualitative features to visualize include the extent to which a drop penetrates 
through the meshes, the amount of material that ‘sticks’ on each mesh (which we quantify), 
whether accumulated material is on top of or protruding through the mesh (not quantified here), 
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the resulting drop size distribution (not quantified here), and the velocity of droplets that have 
passed through the mesh (which we quantify).  
 
Figure 21. Water drop (0.4g) impacting mesh 1 at 2.5m/s. Time increment between images is 7.5ms. (See 
Supplemental Information for full video) 
Figure 21 shows an example water drop impact. In this event the threads that result from the 
drop pushing through the first mesh quickly breakup into droplets due to surface tension (so-
called Rayleigh-Plateau instability), showing almost exclusively spherical droplets within 20ms 
of the initial impact. As the material passes through the second mesh, the initial droplets are 
broken into even smaller droplets, and the velocities of the individual droplets become more 
widely varied. Nearly all (over 95%) of the mass is transmitted (as measured at the mass balance 
below the meshes); surface tension can adhere only a small mass of water to the meshes. 
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Figure 22. A 0.4g drop of 0.10% Carbopol in water (dynamic yield stress σy =  13Pa) impacting mesh 1 at 2.5m/s. 
Time increment between images is 7.5ms. (See Supplemental Information for full video) 
Figure 22 shows an example yield-stress fluid impact in which inertia is greater than 
dissipative forces (a drop of 0.10% Carbopol with the same size and speed as the water drop in 
Figure 21). In contrast to the water drop impact, the jets that form as the material emerges from 
the first mesh survive longer before breaking into droplets, as the material has a higher viscosity 
than water. A lower velocity of the final droplets exiting the mesh matrix is also observed, which 
we attribute to the higher viscosity. The yield stress is small enough such that the final droplets 
are still quasi-spherical, as capillary forces are strong enough to overpower the yield stress and 
evolve the shape. The yield stress does allow more material to adhere to each mesh, but with the 
yield stress being comparable to the capillary stresses, the additional amount is on the same order 
as the capillary adhesion (which is still a small percentage of the total mass). 
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Figure 23. A 0.4g drop of 0.25% carbopol (dynamic yield stress σy = 64 Pa) impacting mesh 1 at 2.5m/s. Time 
increment between images is 7.5ms. (See Supplemental Information for full video) 
Figure 23 shows an example yield-stress fluid impact in which the yield stress is greater than 
inertia (a drop of 0.25% Carbopol with the same size and speed as the drops in Figure 21 and 
Figure 22). In this event, the drop is unable to pass through the first mesh at all. While the drop 
remains one contiguous mass, some material does squeeze through the holes. However, the  
tension in the strands that extrude through is not high enough to break them off. The material 
does show some elasticity, as the strands stretch (as seen in the second panel) and retract (as seen 
in the third panel). 
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Figure 24. A 0.4g drop of 0.15% carbopol (dynamic yield stress σy = 33 Pa) impacting mesh 1 at 2.5m/s. Time 
increment between images is 7.5ms. (See Supplemental Information for full video) 
Figure 24 shows an intermediate condition in which the yield and inertial stresses are 
comparable (a drop of 0.15% Carbopol with the same size and speed as the drops in Figure 21-
Figure 23). A third mesh is included to demonstrate coating of internal aspects of complex 
topography. Similar to the impact of 0.10% Carbopol, the strands emerging from the first mesh 
evolve more slowly into droplets than in the water impact in Figure 21. In contrast, the yield 
stress in this case is large enough such that the resulting droplets can stably maintain non-
spherical shapes. In this event material is deposited at all three layers of the mesh matrix, 
showing the interesting midpoint between the transmission extreme of Figure 22 and the 
adherence extreme of Figure 23.  
These qualitative results demonstrate unique physics of yield stress fluids, which can coat 
complex topography, including ‘internal’ topography as shown with the multiple coated meshes 
of Figure 24. The materials stick, and do not drip, even over long observational timescales. To 
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more fully characterize this behavior, we proceed to quantify two key features across a wide 
parameter space of drop size, drop velocity, and yield stress: (i) the amount of mass transmitted 
through a mesh (or series of meshes) and (ii) the velocity of transmitted material leaving the 
mesh, from image analysis of high speed videos. 
We quantify how much material ‘sticks to’ versus ‘passes through’ a mesh by the percentage 
of mass transmitted, as measured by a mass balance below the mesh. Figure 25 shows material 
transmittance data through a single wire mesh (Figure 20b) as a function of drop mass, drop 
velocity, and Carbopol concentration. The full range of behavior from 0% to nearly 100% 
transmittance is covered in the experiments, as indicated by the color bar. Each subplot varies 
drop mass (on the abscissa) and impact velocity (on the ordinate), while concentration varies 
from subplot to subplot. Values of mass, velocity, and concentration are those shown in Table 3. 
It is worth noting that droplet shape varies slightly from test to test, as the drops studied are 
above the capillary length and can therefore be steadily non-spherical due to their yield stress. 
The small spread between repeat measurements indicates that this does not substantially affect 
the data (all transmittance data shown is the average of five measurements). Material 
transmittance increases monotonically with increasing velocity and mass (higher drop 
momentum), and decreasing concentration (lower yield stress).  
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Figure 25. Percent of incident material that is transmitted through a single wire mesh for varying drop mass, 
velocity, and material concentration. The full range of behavior from 0% to nearly 100% transmittance is covered in 
the experiments, as indicated by the color bar. 
The transmittance shows monotonic trends with respect to all three input variables: higher 
velocity, larger mass, and lower concentration all uniformly result in a higher percentage of the 
droplet passing through the mesh. The transmitted quantity shows low sensitivity to changing 
values of the inputs when the inputs are at their extreme values, with a sharp transition at 
intermediate values. The reason for the sharp transition from zero to finite transmission (the 
smallest nonzero data points are roughly 50%) is explained by the dynamics of the strands 
extruding through the mesh, roughly as observed in the second panel of Figure 24. When 
transmittance is zero, the tension is not high enough to break the strands. Transmittance quantity 
quickly increases at the point where inertia overcomes the yield stress; the stress in the strand is 
maximum at the top, hence the entire strand breaks off. By the time the balance is sufficient to 
break the strands the extruded material constitutes a significant portion of the mass of the drop, 
hence the transmittance quickly jumps from 0% to 50% or more. This effect will be seen as sharp 
upturns in the transmittance data in Figure 28 and Figure 32. 
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Figure 26. Percent of incident material that is transmitted through two wire meshes for varying drop mass, velocity, 
and material concentration. White x’s indicate that all material was captured by the first mesh. Grey data points 
represent data not collected due to excessive splashing of transmitted material which did not rest on the mass 
balance. 
Figure 26 shows transmittance data through two wire meshes (spaced 5cm apart, similar to 
Figures 21-24), for the same experimental conditions arranged identically to the data in Figure 
25. As with one mesh, the trends with two meshes are monotonic with respect to all three input 
variables. However, the transmittance does not show as sharp of a transition from 0% to finite 
values. The smoother change is due to the polydispersity in size of the secondary droplets created 
by the first mesh which impact the second mesh. The tumbling, irregular shaped, variously sized  
droplets allow for smaller finite transmittance through the second mesh than are produced by the 
initial drops. Figures 25-26 show clear general trends in a high-dimensional space; to further 
explore the physics and increase the utility, we proceed to examine the data as a function of 
dimensionless groups. 
3.3 Dimensionless groups 
The goal is to reduce the dimensionality of the space as much as possible, ideally showing 
the output data as a well-behaved function of a single parameter. While the transmittance 
monotonically trends with each input variable when the values of the other inputs are fixed, the 
data does not collapse well as a function of a single variable when all inputs are free. Figure 27 
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demonstrates this, plotting transmittance against velocity for all 64 data points shown in Figure 
25. 
 
Figure 27. Material transmittance plotted against velocity for a single wire mesh. 
The plot does show a general increasing trend, however the spread is very large. Better 
description of the transmittance can be achieved by a properly constructed dimensionless group. 
As the physics of adherence is dominated by the balance of inertia and the yield stress, we first 
plot transmittance as a function of 
2
yV  , as shown in Figure 28. This framing collapses the 
data much better than any single input variable.  
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Figure 28. Material transmittance plotted against the ratio of inertia to yield stress for a single wire mesh. 
Similar results can be shown for the leading edge velocity of material that has traversed 
the mesh. The wide spread of data as a function of a single variable is demonstrated by Figure 
29, which shows exit velocity normalized by entrance velocity plotted against yield stress. The 
expected general decreasing trend is captured, but the value of the individual input is not 
predictive of the output with any precision. 
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Figure 29. Normalized exit velocity plotted against yield stress for a single wire mesh. 
In contrast, we find that the exit velocity is much more reliably related to the quantity 
meshVd  , a comparison of inertial stress to high shear rate viscous stress as plotted in Figure 
30. The full range from 0-1 is covered by the experiments. The exit velocity is nearly equal to the 
impact velocity when this ratio is ~ 30mesh
Vd

  (Note that as velocity is calculated as the 
average velocity of the leading droplet over a defined distance after exiting the mesh, 
gravitational acceleration does slightly increase this measurement; however, this contribution is 
small in magnitude compared to the overall signal.)  
The different dimensionless groups for transmittance (Figure 28) and exit velocity (Figure 
30) can be understood by viewing the exit velocity as a high velocity (high shear rate) process of 
slowing down a droplet, versus the transmittance which is a low velocity (low shear rate) process 
associated with capturing material on a mesh, fully stopping its motion, and resisting a static 
gravitational load.  
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Figure 30. Normalized exit velocity plotted against Reynolds number for a single wire mesh. 
The mesh geometry should influence mass transmittance and droplet exit velocity. The 
characteristic size of the open spaces is involved in the dimensionless group Vdmesh/η∞, though 
not V2/σy, and neither group yet involves another mesh parameter: the area fraction of solid 
material. To test the robustness of the dimensionless group for transmittance (and develop an 
improved but more complex dimensionless group), Figure 31 plots transmittance against 
2
yV  for each of the three cut sheet meshes, which vary hole size and fill area (as drawn in 
Figure 20b with dimensions as defined in Table 2). 
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Figure 31. Material transmittance plotted against the ratio of inertia to yield stress for three different mesh 
geometries. 
For each individual geometry the data collapse nicely in Figure 31. However, each of the 
three curves traces its own path through the parameter space. Therefore while the parameter 
2
yV   is useful for a fixed geometry, it fails to capture all of the physics involved. The 
characteristic opening size (diameter) and fill area should be taken into account. Prior work on 
drop impacts of the same material  [4] found good reduction of the data using the ratio of inertia 
to the sum of viscous and yield stresses. Here we find it useful to modify this parameter by the 
fraction of solid area of the mesh, f, arriving at the parameter (named ‘IF’ as the ratio of inertia to 
a flow stress) 
 
 
2
IF
y
V
f V D

 

 
  (9) 
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Additionally, we can normalize  the measured percent of transmitted material by the percent 
open area of the mesh; plotting it against IF produces the plot shown in Figure 32, which 
collapses the transmittance data better than Figure 31. 
 
 
Figure 32. Normalized material transmittance plotted against IF for all three varied mesh geometries. Error bars 
omitted for legibility because they are smaller than the symbol size. 
Figure 32 nicely collapses the data for all three meshes onto a single curve with comparably 
small spread. Across all observed values of drop size, drop velocity, rheological properties, mesh 
hole size, and mesh hole spacing, the value of IF is predictive of the percentage of material 
transmitted through the mesh. An interesting feature of this plot is that transmittance sharply 
increases from zero to moderate values over a small range of IF, with very few data points at 
small but nonzero values. This occurs because the transition from zero to finite transmittance 
involves long strands of material extruding through and trying to adhere to the mesh (see the 
second panel of Figure 23). With increasing IF, the strands become longer and longer until 
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inertia overcomes the yield and dissipative stresses, at which point the strands break. Because the 
highest stress is at the interface with the mesh, the entire strand (which by now represents a 
nontrivial portion of the drop mass) breaks off. This is why the transition from zero to moderate 
transmittance values is so abrupt. 
Figure 33 shows the observed exit velocity against the same parameter. Although the velocity 
does not collapse as tightly as the transmittance, the trend is still significantly more effectively 
characterized than by a single input variable. 
 
Figure 33. Normalized leading edge exit velocity plotted against IF for all three varied mesh geometries. 
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Chapter 4 
Heated surfaces 
4.1 Experimental setup 
Having studied two cases where a higher yield stress makes a fluid stickier, we now turn to a 
third set of experiments that will counterintuitively show the opposite trend: on heated surfaces 
we will show that a fluid with a higher yield stress is less likely to stick. To study heated surfaces 
we built the experimental apparatus diagrammed in Figure 34, modeled after the setup detailed 
in  [71]. A sapphire window is placed in a copper holder, with thermal grease to ensure good heat 
transfer. Cartridge heaters and a thermocouple are placed into holes drilled in the copper, and 
connected to a PID controller. A mirror at a 45° angle is placed beneath the clear sapphire to 
allow for two-axis viewing. 
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Figure 34. Diagram of transparent heated surface apparatus. Sapphire impacting surface is heated by a copper holder 
with inserted cartridge heaters, monitored by a PID controller. 
 
Our preliminary observations showed that yield-stress fluid drops can bounce off of and slide 
down hot surfaces at temperatures where water does not. From initial observation it is not clear 
whether the Leidenfrost effect is taking place. Even in water drops there is not a clean transition 
from contact boiling to film boiling; a stable vapor layer can develop over time after transient 
contact boiling, therefore the distinction of what is or is not a Leidenfrost drop on a hot surface is 
a nontrivial definition. In applications where heat transfer is the dominant motivation, the critical 
temperature is often defined as the temperature at which the rate of heat transfer exhibits a local 
minimum (or equivalently the time to evaporate exhibits a local maximum). Here our interest is 
in the ability of the vapor layer to prevent material adhesion, so we will define the critical 
temperature as the temperature at which the behavior transitions from “stick” (where the drop 
boils off in place at the location where it first impacts) to “slide” (where the drop travels away 
from the initial impact site). 
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Distilled water and seven different concentrations of Carbopol were dropped on the tilted 
surface, and the stick/slide behavior was observed. Each concentration was tested at evenly 
spaced intervals of 25°C, then tested every 5°C between the two temperatures where the 
transition was observed. The sapphire surface was cleaned with a sodium hydroxide solution 
then with distilled water between each impact to remove any residue.  
In addition, we built a color interferometry apparatus, which is diagrammed in Figure 35a. A 
Photron mini-UX100 high speed camera was used along with Navitar’s Zoom 6000 system body 
tube(#1-60123) with a 3mm FF, providing an additional magnification of 0.7X- 4.5X, along with 
a coaxial light port that was powered by a 120 V Fiber optic power supply. This provides a high-
intensity coaxial light source for the microscope objective. As drawn in Figure 35b, a convex 
lens with a 200mm radius of curvature was used as a known geometry to establish a reference 
relating color to distance. Contact with the surface appears dark, while distances between 
approximately 0.3 and 3 μm appear as rainbow colors. 
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Figure 35. Diagram of color interferometry setup: a) a microscope objective with a coaxial light source is attached to 
the color high speed camera, and b) a convex lens with 200mm radius of curvature is used as a known geometry for 
a reference measurement. 
 
4.2 Results 
Figure 36 shows snapshots from four example videos: water sticks and boils in place at 
200°C, 0.25% carbopol slides at 200°C, 0.25% carbopol sticks at 160°C, and 1.00% carbopol 
slides at 160°C. All four events initially show a similar spreading behavior upon impact (the 
third panel of each series). In the two slide events, this is followed by a rebound which lifts the 
drop entirely off the surface. In the two stick events, the adherence to the surface is strong 
enough to prevent this liftoff.   
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Figure 36. Snapshots of four sample drop impact events: a) water sticks to a 200°C surface, b) 0.25% carbopol slides 
off of a 200°C surface, c) 0.25% carbopol sticks to a 160°C surface, d) 1.00% carbopol slides off of a 160°C surface. 
Figure 37 shows a map of “stick” and “slide” cases for varying temperature and carbopol 
concentration. The data show a monotonic trend, with higher concentration uniformly showing 
lower temperature required to elicit “slide” behavior. Figure 38 plots the temperature at which 
the behavior transitions as a function of yield stress. Plotting against a material function rather 
than concentration allows for a more direct comparison between different yield-stress fluids. 
Also plotted is laponite, a yield-stress fluid with a different microstructure than carbopol. The 
fact that it exhibits the same trend supports the hypothesis that the effect is due to the yield 
stress, and not due to a specific microstructural feature of carbopol.  
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Figure 37. Map of where drops do and do not stick as temperature and concentration vary. 
 
 
Figure 38. Critical sticking temperature as a function of yield stress, which shows a decreasing trend. 
This is a counterintuitive result: higher concentration solutions of carbopol have lower vapor 
pressures, and hence would require greater temperatures to produce a “slide” event if vapor 
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production was the only driving factor. Our hypothesis for the cause of this unexpected trend is 
cartooned in Figure 39. 
 
Figure 39. Diagram of theorized mechanism for yield-stress drops sliding at lower temperatures than water drops. 
Resistance to bubbles rising makes the easier path of forming vapor to go under and around the drop rather than 
through it. 
We hypothesize that vapor forming at the fluid-solid interface escapes via different paths in 
each case. In a water drop, the easiest path for vapor to escape is via rising as a bubble through 
the drop. After a bubble rises the fluid and solid return to contact, and subsequent vapor forms a 
separate bubble, which itself will soon rise through the fluid. In contrast, when the material has a 
sufficiently high yield stress, bubbles are trapped at the interface and unable to rise via 
buoyancy. In this case, subsequent vapor grows the trapped bubble, and as trapped bubbles grow 
and merge and reach the edge of the drop, a path is created where vapor can escape around the 
drop. This “partial vapor layer” substantially reduces the area of contact between the drop and 
the surface, which is what reduces its ability to adhere. 
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This explains not only the observation that a yield-stress fluid has a lower critical 
temperature than a Newtonian fluid, but also the trend of lower critical temperature with 
increasing yield stress. Forming bubbles do apply enough stress to locally deform the yield-stress 
fluid near the interface. The stress applied decays as it is translated farther into the drop, which is 
functionally a semi-infinite solid. The higher the yield-stress of the fluid, the thinner the layer 
where the bubbles can deform material, and the more the vapor is concentrated at the interface, 
resulting in less contact between the fluid and solid, and less ability to adhere. 
 
Figure 40. Interferometry images of a) water and b) 0.10% Carbopol impacting a room temperature surface. Pictures 
shown were taken a 250μs increments. 
Figure 40 shows interferometry images of water and 0.10% carbopol drops impacting a room 
temperature surface. Results for water match previously reported results for the same 
conditions  [71]. The water and carbopol impacts are qualitatively similar, each exhibiting a three 
stage impact process. First, a small bubble of trapped air forms at the center of the impact site. 
Next the drop spreads on a layer of air, expanding the region that is near (within a few microns) 
of the surface without contacting. Then wetting occurs: the liquid first touches the surface near 
the edge of the near-contact region, then the wetted region spreads across the whole drop. The 
carbopol drop completes this process faster, progressing from close approach to fully wetted in 
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under 750μs, while the water takes over 1000μs to do so. This disparity is observed because the 
water is easier to deform, and thus spreads over a wider area. The energy of the incoming 
carbopol drop is concentrated onto a smaller area, and thus pushes through the air layer quicker. 
Despite the small differences, the two materials generally exhibit the same physics at room 
temperature. If we observe the same two materials in the full Leidenfrost regime we see the 
same: minor differences, but qualitatively similar behavior. Figure 41 shows interferometry 
images of water and 0.10% carbopol impacting a 300°C surface. 
 
Figure 41. Interferometry images of a) water and b) 0.10% Carbopol impacting a 300°C surface. Pictures shown 
were taken a 2.5ms increments. 
At this temperature each material produces enough vapor to prevent any contact between the 
fluid and the surface. Each droplet expands due to inertia, then contracts and rebounds due to 
surface tension. Once again the timescale on which the impact progresses is different between 
water and carbopol due to the comparative ease of deformation of water. The driving force of the 
bouncing phenomenon seen here (surface tension) is approximately the same for each material. 
Under the same driving force the fluid with the higher effective viscosity (carbopol) deforms 
more slowly and dissipates more energy. Therefore the carbopol takes longer to expand and 
retract, and does not rebound from the surface as strongly. 
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At both extremes the two materials show small differences, but the same general qualitative 
features. To observe greater differences, we proceed to intermediate temperatures, specifically to 
a temperature where a water drop will adhere to the surface while a carbopol drop will not. 
Figure 42 shows each material impacting a 225°C surface (a “stick” for water and a “slide” for 
0.10% carbopol, as shown in Figure 37). 
 
Figure 42. Interferometry images of a) water and b) 0.10% Carbopol impacting a 225°C surface. Pictures shown 
were taken a 500μs increments. 
As we theorized in Figure 39, the carbopol drop has a smaller percentage of its area in 
contact with the surface than the water drop. In the water drop the largest bubbles observed at the 
fluid-solid interface are on the order of 100μm in diameter. Bubbles also depart the interface to 
rise through the water frequently enough that the area of drop-surface interaction remains 
predominantly wetted contact. In contrast, the bubbles at the fluid-solid interface of the carbopol 
drop grow much larger and merge, creating a partial vapor layer, with substantially less area of 
contact between the fluid and the surface. This reduction in contact area reduces the ability of the 
drop to adhere to the surface, explaining why we observe sliding in carbopol drops at lower 
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temperatures than expected. This counterintuitive result presents a potential design constraint on 
any process involving a yield-stress fluid impacting a hot surface. The dependence of critical 
temperature creates an interesting trade-off between the ability to build up a thicker layer of 
material (higher yield stress) and being able to adhere at higher temperature (lower yield stress). 
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Chapter 5 
Hose flow and surface coating* 
5.1 Motivation 
This work examines material design criteria based upon these two problems (pipe flow and 
surface coating) for the application of firefighting. The effectiveness of a yield-stress fluid in 
firefighting depends on its ability to coat a surface (higher yield stress is better), and be delivered 
to a target via a hose (lower yield stress is better). This creates a design tradeoff: for any material 
to be viable for this application, it must be able to both flow through a hose and coat a surface. 
Within these two restrictions, establishing specific design criteria (e.g. exactly what it means to 
be able to flow through a hose) is nontrivial. Figure 43 summarizes the problem. Hose flow will 
be judged by a relation between pressure gradient and flowrate, as shown in Figure 43 a), while 
surface coating will be judged by the ability to maintain a minimum coating thickness under 
gravitational stresses. 
 
                                                 
*
 The work in this chapter was conducted in collaboration with Scott Bocklund, Paul Rothweiler, Jordan 
Priester, and Randy Wahl of EarthClean, who collected the hose flow data presented in Figure 43, Figure 47 and 
Figure 48, and with the assistance of Alex Wu, who collected the rheology data presented in Figures 44-46. 
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a) Hose flow                                                    b) Coating flow 
 
Figure 43. Summary of design criteria. a) plot of pressure gradient vs flowrate, showing experimental data for water 
and theoretical predictions for water and one model yield-stress fluid b) drawing of surface coating problem. 
 
An established practice in material design is to create multidimensional cross-property plots 
(often known as Ashby diagrams  [72]) with properties that can be varied on the axes, and 
bounds on performance defining regions of the plot where those properties combine to meet 
performance criteria  [72,73].  The following analysis develops design parameters that are 
agnostic to chemical formulation, providing rheological property targets for yield-stress fluids in 
hose flow and surface coating. Chapter 5.2 establishes the analytical basis for the flow property 
criteria. Chapter 5.3 details the model materials used, as well as the experimental methodology 
used to measure the rheological material properties. Chapter 5.4 then presents the resulting data, 
as well as flowrate and pressure drop data from actual firefighting equipment. Chapter 5.5 
combines these data with the criteria from Chapter 5.2 to develop design maps, defining critical 
values of appropriate material parameters and evaluating which of the tested model materials 
meet the performance criteria. 
10 100 1000
1
10
100
   
  T
u
rb
u
le
n
t
D
=
1
.5
",
 
/D
=
1
0
-5
 
 

P
/L
 (
p
s
i/
1
0
0
ft
)
Flow Rate (gal/min)
 L=200ft
 L=300ft
 L=400ft
gray: fail
white: pass
driving pressure
too high
flow rate
too low
Laminar
Herschel-Bulkley
prediction
  
70 
 
5.2 Design criteria 
The key to enabling design of fluids for a specific purpose is to connect the desired final 
behavior to simpler material properties that can be measured and characterized. The relevant 
output behavior for hose flow can be characterized by the relation 
  , , rheology
P
f Q D
L

 , (10) 
expressing the pressure gradient as a function of flowrate (Q), hose diameter (D), and material 
rheology. Similarly the surface coating functionality is expressed as 
  coat max, , rheologyt f g L , (11) 
as the maximum achievable thickness is dependent upon gravitational stress (ρg), maximum 
tolerable flow distance away from the impact site (Lmax), and material rheology. Throughout this 
analysis we will assume a vertical surface, as that is the most strict criterion on the material; if an 
angled surface were considered,  sin   would appear alongside the three parameters listed in 
the right half of Eq. (11). 
To be useful for design, these relations must be made more specific. Table 5 summarizes the 
correlation of application performance criteria to rheological material property criteria for hose 
flow and surface coating. To quantify rheological properties we use the simplest constitutive 
model for a yield-stress fluid, the Bingham model,  
 y       (12) 
(see Chapter 5.3 for further detail). The advantage of this model for establishing design criteria is 
its small number of parameters, which lends simplicity to analysis. This model only has two 
parameters (the yield stress y and the infinite shear viscosity ), each of which has a clear 
physical interpretation (the amount of stress required to make the material flow and the viscosity 
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under very strong flow, respectively), which makes the connection between design criteria and 
material parameters easier to establish. We will use a three parameter model (the Herschel-
Bulkley model) when a tighter fit to the data is more advantageous (Figure 47). 
In addition to the steady-state properties (which are characterized by Eq. (12)), the transient 
properties of the material must also be considered. Under shear the microstructure of a yield-
stress fluid tends to break down, leading to a decrease in the yield stress. Upon cessation of flow, 
the timescale on which the material regains its resting properties is variable and specific to the 
microstructure. This phenomenon is known as thixotropy. The simplest way to incorporate 
thixotropy into the analysis is to assume a single timescale λ to characterize material 
restructuring. As with the Bingham model this may be imprecise for some materials, but it 
captures the general behavioral trend sufficiently well and is simple enough to enable 
straightforward analysis. The reasoning behind the performance specifications and rheological 
property correlations are as follows: 
 The maximum driving pressure and minimum flowrate are taken directly from practical 
firefighting requirements (specifically the ability to deliver the material to the fire). 
 The minimum coating thickness required for effective suppression dictates a minimum yield 
stress. A given thickness requires a certain yield stress for the layer to be stable and not to 
flow under gravity, giving rise to the formula  
 miny gt  . (13) 
 After flowing through a hose and impacting a surface, the material must recover its yield 
stress before it flows away in order to coat effectively. Assuming the fluid flows at its 
infinite shear viscosity under the force of gravity for the duration of its restricting time, this 
dictates a maximum thixotropic restructuring time, given by the formula  
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 max
2
min
thixo
L
gt



 . (14) 
 The material also must be able to flow through a hose at a sufficiently high rate without 
exceeding the maximum pressure drop. This gives a flow stress criterion that bounds yield 
stress and infinite shear viscosity via the equation  
 min maxy     , (15) 
 where 
max  is dictated by the maximum driving pressure gradient and min  is dictated by the 
minimum required flowrate. 
 
 
Table 5 Rheological target criteria. 
Design factor  
(performance specification) 
Key rheological 
property 
Hose driving pressure, max /P L  ,y   
Hose flow rate, min Q ,y   
Coating thickness, min t 
y  
Restructuring to coat after impact 
thixo  
 
Figure 43 a) shows flow data for water for varying driving pressure at three different 
locations along the hose (denoted in the legend). Plotted also is the theoretical prediction for 
turbulent flow, fit to the data, demonstrating that water shows the expected turbulent scaling. The 
design criteria for maximum pressure and minimum flowrate are noted. A line is also added to 
denote the theoretical prediction for the Herschel-Bulkley constitutive model assuming laminar 
flow (using parameter values fit from steady flow data of TetraKO as determined in Chapter 
5.3). For the Herschel-Bulkley model, defined as 
 
n
y K     , (16) 
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the predicted laminar flow rate Q as a function of pressure drop is given by the equation 
 
     
 
1/ 1 2
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.
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
  
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 
 
 
     (17) 
This is used to make the prediction of laminar Herschel-Bulkley flow in a fire hose, shown in 
Figure 43 a). The next step is to apply these ideas to real material systems. 
5.3 Experimental methods 
Table 6 provides a list of materials tested throughout this project.  These materials will flow 
under shear and restructure into a gel (in the absence of shear) quickly enough to form a gel layer 
of material on a substrate (and not run off like water). Representative samples from a diverse 
cross-section of systems were studied, as shown by the categories dividing the materials in Table 
6.  
Table 6. List of materials tested. 
Commercial fire 
suppression 
Cohesive 
(smooth, fluid appearance) 
TetraKO 
ThermoGel 
FireIce 
Granular 
(particulate, granular appearance) 
Aquagel 
Aquasorb 
Model materials 
(all cohesive 
with smooth, 
fluid appearance) 
Jammed microstructure Carbomer 
Sparse microstructure Bentone 
Laponite 
Fumed silica + PIB 
Newtonian control Water 
 
For each of these materials, rheometry was performed to determine quantifiable flow 
properties. Experimental determination of rheological properties was performed using a TA 
Instruments DHR-3 rotational rheometer. Two types of tests were performed: one to determine 
the relevant steady-state properties, and one to determine the relevant transient properties.  
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Figure 44. Example of a steady-shear flow curve. Curves were measured for all concentrations of each of the eight 
materials. 
Figure 44 shows an example of the steady shear data that was taken for many of the materials 
listed in Table 6. The solid line denotes the Herschel-Bulkley fit to the data for 0.814% TetraKO. 
The Bingham model was also fit to the data to produce the yield stresses and infinite shear 
viscosities that are plotted throughout. Shown with dashed lines are the asymptotes that represent 
the yield stress (horizontal) and infinite shear viscosity (slope of one) for the 0.814% solution. 
The yield stress is a strong indicator of the material’s ability to coat a surface, as a higher yield 
stress allows the accumulation of more mass before gravitational forces can initiate flow. The 
infinite shear viscosity is important for hose flow, as it characterizes the resistance to flow at the 
high rates of deformation that are observed in a fire hose. 
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Figure 45. Example of a thixotropic recovery curve, correlating with recovery time after high shear events such as 
droplet impact with substrate. 
Figure 45 shows an example of the transient step-down test that was performed to determine 
thixotropic properties. An exponential fit of the recovery after shear step-down was used to 
determine the thixotropic restructuring timescales. This measurement indicates how long after 
cessation of flow a material regains its structure, which is a critical factor in determining whether 
it can effectively coat a surface and remain in place or if it will flow away after impact. 
Combined with the other measures described here, this now gives the ability to understand full-
scale data. 
5.4 Results 
For a given material, properties such as yield stress, infinite-shear viscosity, and thixotropic 
restructuring time vary with changing concentration in solution (as demonstrated by the example 
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data shown in Figure 44). Figure 46 plots the yield stress values computed from flow sweeps 
(like those shown in Figure 44) for a variety of materials as a function of concentration.  
 
 
Figure 46. Yield stress as a function of concentration. 
How strongly the yield stress depends on changes in concentration varies significantly between 
the materials that were tested. This is significant to the design problem, as varying the 
concentration is the simplest way to tune the value of a material property such as the yield stress. 
In addition to tests in a rotational rheometer, several of the materials were tested using a 
more directly application-oriented apparatus. Material was pumped through a 400 foot length of 
1.5 inch diameter firehose by a centrifugal pump with a Waterous 18 horsepower motor. Pressure 
gauges placed each 100 feet of hose were used to record pressure drops (data are reported at 200, 
300, and 400 feet as denoted in the legend of Figure 47). Tests were performed on three 
concentrations of each yield-stress fluid tested, as well as on water as a control. This large data 
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set can be simplified by considering pressure gradient versus flowrate for all hose lengths and 
material formulations. Figure 47 shows such a flow diagram using the data generated by these 
experiments. The black dashed lines represent a maximum driving pressure (horizontal) and 
minimum flowrate (vertical) that are required for practical firefighting application. The white 
area represents the region of desired properties. Much of the data is collected at flowrates that are 
“too slow” for practical fire suppression, but this is useful for comparing to model predictions. 
Some formulations perform in the “white” are and pass the test. 
 
Figure 47. Fire hose flow data plotted as pressure gradient vs flowrate. Data collected by Scott Bocklund, Paul 
Rothweiler, Jordan Priester, and Randy Wahl of EarthClean. 
For a Newtonian fluid, the expected scaling on this log-log plot is a slope of one when flow 
is laminar, and a slope of two when flow is turbulent. At low flow rates the data for the gels has a 
slope of less than ‘one,’ which is distinctly a non-Newtonian signature (demonstrating the effect 
of the shear-thinning properties of these materials). At higher flow rates the gel data approach a 
slope of ‘two’ (the same slope that is observed in the water data, and that is expected for 
turbulent flow of any fluid, be it Newtonian or non-Newtonian). This indicates that under 
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turbulent conditions, when inertia (which is the same for Newtonian and non-Newtonian fluids) 
is the dominant force rather than viscosity (where Newtonian and non-Newtonian samples differ) 
these complex materials behave like Newtonian fluids. 
Plotted also are the bounds of minimum flow rate and maximum pressure drop, 
demonstrating which materials meet the design criteria for pumpability. It is important to note 
that a material showing no data points in the desired region may still meet the design criteria, as 
data were collected over a limited range of pressures. The colored dashed lines denote 
extrapolation of the collected data based on Eq. (17). For some series (e.g. TetraKO 100 Poise) 
the material shows no points in the target region due to the limits of pressure used in testing, yet 
the trend of the data indicate which materials would be suitable at higher pressures. 
Successful theoretical predictions are shown (e.g. TetraKO 300 Poise) using only the steady 
shear rheology characterization (e.g. Figure 45) and Eq. (17).  The successful prediction is 
noteworthy because (1) the steady shear rheology characterization successfully correlates with 
hose flow performance, and (2) the thixotropic behavior is irrelevant for hose flow performance, 
although it will be relevant for the coating performance. 
It is also important to note that nearly all of the yield-stress fluid data (the only exception 
being Bentone 10) exhibit laminar behavior. This confirms the importance of Eq. (15) as a 
rheological design objective. As explained prior, in turbulent flow the viscosity has a negligible 
effect on the stress (and hence the pressure drop), in which case a different hose flow criterion 
would be more appropriate. 
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Figure 48. Firehose flow data through the nozzle plotted as minor loss coefficient vs flowrate. Data collected by 
Scott Bocklund, Paul Rothweiler, Jordan Priester, and Randy Wahl of EarthClean. 
Figure 48 shows the minor loss coefficient 
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for flow through the nozzle used in the hose flow experiments. At high flow rates all data (for 
both the complex fluids and for water) collapse to very similar behavior, with little variation in 
KL with changing flow rate. This is an expected result for turbulent flow of a Newtonian fluid. 
Similarly to the hose flow data of Figure 47, this suggests that non-Newtonian fluids can exhibit 
Newtonian-like behavior as flow becomes turbulent. 
5.5 Design maps 
Now, with the rheological properties and flow behavior of the test materials characterized, 
these data can be combined with the analytical design criteria(Eqs. (13)-(15)) to create design 
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maps (“Ashby diagrams”) and determine which materials meet the required standards. It is 
important to note that while the shapes of these design boundaries are fixed, their locations are 
dependent upon the specific application. This is shown explicitly in Figure 49, with different 
lines shown for different required coating thicknesses (as the desired minimum thickness is 
specific to the design application), but the concept still applies where not shown. For example, in 
Figure 47 the horizontal upper bound shown on the plot may be higher or lower depending upon 
the maximum achievable driving pressure. These design maps are applicable to any flow of a 
yield-stress fluid through a hose or pipe, and any surface coating of a yield-stress fluid, so the 
values of the bounds may vary significantly. 
 
Figure 49. Surface coating design criteria map. 
Figure 49 shows the yield stresses and thixotropic restructuring times of various materials (as 
measured in Section III) plotted with their design criteria for surface coating. This plot expresses 
the criteria described by Eqs. (13) and (14). Both the minimum yield stress and maximum 
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restructuring time are a function of the required coating thickness, which is demonstrated by the 
two values of each that are plotted. The thicker the desired coating is, the higher the yield stress 
must be, and the shorter the restructuring timescale must be.  
 
Figure 50. Hose flow design criteria map. 
Figure 50 shows the yield stresses and infinite shear viscosities of various materials plotted 
with their design criteria for hose flow. This plot expresses the criteria described by Eqs. (13) 
and (15). Data points that meet these design criteria but do not meet the thixotropic timescale 
criteria denoted in Figure 49 are marked with x’s. The minimum yield stress criterion is the same 
as shown in Figure 49 (required to be able to maintain a given coating thickness). The maximum 
yield stress comes from the maximum flow stress criterion, and is a function of the infinite shear 
viscosity. The stronger the shear-thinning behavior of the material (i.e. the lower the infinite 
shear viscosity), the higher the yield stress can be while still being pumpable through a hose. As 
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one can see, from the compositions explored here, only TetraKO and Carbomer fit the design 
criteria. 
Combining the data generated from the rheometer and the hose flow experiments with the 
analytical design limits, it is now clear which materials “fit” the criteria for an inline continuous 
fire suppressant. Figure 49 and Figure 50 represent the main result of this work: quantitative, 
formulation-agnostic criteria for rheological property down-selection.  The three key rheological 
properties of (1) shear yield stress y, (2) high shear-rate flow viscosity , and (3) thixotropic 
restructuring time after spray impact thixo form a three-dimensional design space. The three-
dimensional space is projected onto two-dimensional planes of ( ,y thixo  ) and ( ,y  ) in Figure 
49 and Figure 50, respectively. These Ashby diagrams represent a useful tool in the design with 
and design of yield-stress fluids, beyond the application of firefighting. Any application 
involving coating a surface with a yield-stress fluid can employ these ideas to better optimize 
performance. 
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Chapter 6 
Asymptotic nonlinearities* 
6.1 Author’s prior work  
The author’s masters thesis explored the unique signature of a simple thixotropic-viscoelastic 
constitutive model in asymptotically nonlinear large-amplitude oscillatory shear [8]. All prior 
analytical and experimental data for the power-law scaling of 30~   for the leading order 
nonlinearities. Our model not only predicted a deviation from this exponent of 3, it predicted 
scaling that depends on a model parameter. The model discussed here is defined by the equations 
  1 1 n
d
k
dt

        (19) 
 
0 0A AG G
  
  
 
 
 
    
 
 . (20) 
Here we present experimental data that demonstrates a signature deviating from the prior 
assumption. For full background, see  [7,74]. 
                                                 
*
 The content of this chapter appeared in the following peer-reviewed publications (re-used with permission): 
B. C. Blackwell and R. H. Ewoldt, Journal of Non-Newtonian Fluid Mechanics 208-209, 27 (2014). 
http://dx.doi.org/10.1016/j.jnnfm.2014.03.006 
B. C. Blackwell and R. H. Ewoldt, Journal of Non-Newtonian Fluid Mechanics 227, 80 (2016). 
http://dx.doi.org/10.1016/j.jnnfm.2015.11.009 
This work also appeared in the author’s masters thesis: 
B. C. Blackwell, Thixotropic-viscoelastic Rheological Fingerprints in Large Amplitude Oscillatory Shear, 
University of Illinois at Urbana-Champaign, 2013. 
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6.2 Experimental data 
The unique model prediction for asymptotically-nonlinear amplitude scaling, Eqs. (19)-(20) 
of  [7], is not just theoretical. Here, we demonstrate a model material that shows a low-amplitude 
power law scaling of 1 3n  , i.e. different than the standard viscoelastic prediction. Longer 
thixotropic restructuring times tend to carry greater experimental difficulties, hence a material 
with a short thixotropic restructuring timescale is chosen: an aqueous solution of Carbopol 940. 
Samples were prepared by mixing powdered Carbopol 940 with distilled water (1.00% by 
weight), and adding a concentrated solution of NaOH until the mixture reached a pH of 7. All 
experiments were performed on a TA Instruments ARES-G2 rotational rheometer (separated 
motor-transducer instrument) using a 50 mm diameter parallel plate geometry with a gap of 
500μm. Contacting surfaces were covered with adhesive-backed sandpaper to prevent slip. As a 
parallel disk geometry is used, corrections are needed to attain true stress values  [75]. However, 
as the amplitude scaling is required for calculation and unknown before data processing, we 
present unprocessed data here. This does not affect the measured value of the low-amplitude 
scaling, which is our focus here. 
A standard test for identifying thixotropy is a transient rate step-down  [76]. A material is 
pre-sheared at a high rate to steady-state, then the shear rate steps down and the transient stress is 
observed. An undershoot in the stress after the step-down in rate indicates that the material is 
thixotropic. Figure 51 shows the results of this test on a 1.00 wt% solution of Carbopol. 
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Figure 51. Thixotropic recovery test of Carbopol 940, 1 wt% in water (pH7). Stepping shear rate down from 10
3
s
-1
 
to 10
-1
s
-1
, the stress undershoot indicates the presence of a finite thixotropic restructuring time. 
Carbopol shows a clear stress undershoot, and hence is a thixotropic material. The timescale for 
the stress to achieve a constant steady-state value is on the order of seconds, which is shorter 
than many commonly used model thixotropic materials (e.g. Laponite, which has a restructuring 
time on the order of tens to hundreds of seconds  [77]). 
In oscillatory shear, we begin the exploration of asymptotic nonlinearities by looking at the 
first harmonics. Figure 52 a) shows 
1 1 and     at a frequency 1rad/s  , and amplitude 
varying from 0 0.1% 100%   . Figure 52 b) shows the elastic and viscous moduli (the stress 
harmonics normalized by strain amplitude), which may be more familiar to some readers. Data 
were collected sweeping both from high to low and from low to high amplitude to verify that 
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time-dependent experimental effects (such as long transients or evaporation) are not the cause of 
any peculiar scaling. The fact that 1 1    suggests a high Deborah number at this frequency, 
1rad/s  . 
 
Figure 52. Oscillatory strain amplitude sweep of aqueous Carbopol 940. a) Stress harmonics b) moduli for 1.00 wt% 
Carbopol 940 (pH 7). Data show the expected linear scaling at sufficiently small strain amplitude. Low torque limit 
for this geometry is 5
min 10 Pa
 . 
The first harmonics show linear scaling ( 1 0 1 0~ , ~     ) at sufficiently low strain amplitudes. 
Nonlinearity (here, deviation from lines 1
0~  ) is visually apparent for 0 1% 10%   . 
There are four independent nonlinearities that can be measured to identify amplitude scaling: 
first harmonics 1 1 and     deviating from their linear values, and the appearance of third 
harmonics 3 3 and      [78]. It is experimentally easier to measure the third harmonics rather 
than the nonlinear first harmonic deviations. At leading order, third harmonic nonlinearities are 
deviations from zero, whereas first harmonic nonlinearities are deviations from a measured linear 
value, which carries its own uncertainty, and has a larger magnitude than the sought deviations. 
All four signals are typically small enough that environmental noise plays a role, and can 
preclude accurate measurement; often only a subset of the four can be reliably measured. Figure 
53 shows the four leading order nonlinearities for Carbopol. 
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Figure 53. The four asymptotic deviations from linearity in oscillatory shear. a) Elastic first, b) viscous first, c) 
elastic third, and d) viscous third stress harmonics as a function of strain amplitude. Data show power law scaling 
not equal to the traditionally expected 3
0~   dependence. Open sybols denote negative values. Low torque limits 
shown are empirically determined from the presented data. 
In each plot, the data points at low amplitude exhibit random noise, with random signs and 
approximately constant maximum amplitude that represents the noise floor of the stress (torque) 
measurement. These data clearly show that the first harmonic nonlinearities have a significantly 
higher noise level, as a consequence of the uncertainty in the linear value. This also contributes 
to obscuring the power-law slope as the signals emerge from the noise. To demonstrate this, 
Figure 54 shows two calculations of the first harmonic viscous nonlinearity from the same signal 
using two different values of the linear loss modulus G . The difference between the two linear 
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values used is less than 5% of the linear signal, yet it drastically alters the slope at low amplitude 
(although in each case, the slope 1.25 2.25m    is less than the standard 3m   assumption). 
 
Figure 54. Values of the first harmonic viscous nonlinearity for two different fit values of G . The uncertainty in 
the plateau value G  (inset) propagates to uncertainty in power-law scaling 
0
m . This source of uncertainty is not 
present for third harmonic nonlinearities. 
It is important to acknowledge that the lower limit observed in this test is an experimental 
limit (not a material limit), hence the noise floor may be hiding behavior that is not present in the 
data that are shown. However, the fact that the magnitudes of the nonlinearities are small 
compared to the magnitudes of the linear signals supports the idea that the observed slopes are in 
fact the terminal scalings. Other materials have exhibited terminal regime behavior at 
comparable ratios of nonlinear-to-linear signals (e.g.  [78]).  
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For our purposes, third harmonics are more reliable for determining the amplitude scaling of 
the leading order nonlinearities. Each of the third harmonic stresses shown in Figure 53 c)-d) 
appears to show a power-law scaling closer to 2
0  rather than the traditionally expected scaling 
of 3
0 . The viscous third harmonic (Figure 53d) show cleaner data than the elastic third 
harmonic (Figure 53c), hence we examine the viscous 3   more closely here. 
Properly trimming the data set to minimize the effect of noise is critical to accurately fitting 
the asymptotic slope. At strains that are too small, the data are too noisy, and at strains that are 
too high, the data become fully nonlinear and no longer exhibit the asymptotic scaling. The 
numerical value of the experimental noise threshold can be estimated by looking at the power 
spectrum of the harmonic decomposition, which is shown in Figure 55 for 1   and multiple 
values of 0 . 
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Figure 55. Stress harmonic power spectrum at varying input strain amplitude for 1 rad/s  . Noise floor is 
consistent with the data shown in Figure 53 c)-d) ( 510 Panoise
 ), and shows weak dependence on 0  at low 
amplitudes. 
An estimate of the 510 Panoise
  comes from the stress amplitude at high harmonic number 
(where the material signal is smaller than the noise), which appears as a plateau on the right side 
of Figure 55. The noise floor does increase at higher strain amplitudes, but this variation is small, 
especially around strain amplitude 0 1%  , where subsequent measurements of asymptotic 
scaling take place. 
Figure 56  shows power-law fits of the data that exceed the noise floor. 
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Figure 56. Fit to asymptotically nonlinear data using various numbers of points above the noise floor. a) Fit values 
of n using variance weighting as a function of points used. All data sets start at the noise floor and count to higher 
strain as labeled in b). Fit line plotted in b) uses the values attained from simultaneously fitting to all four runs using 
the first six points above the noise floor. Data shown are same data in Figure 53d). The non-integer value of 
2.38m  (from the simultaneous fit using 6 points)  indicates a thixotropic model parameter fit value of 1.38n  . 
As discussed in Section II, all other published model solutions predict m = 3  [79,80], while most 
simple thixotropic models (those with first-order reaction kinetics) predict m = 2  [9], and those 
featuring the more general kinetic equation of Eq. (19) predict m = n + 1 (as shown in our work 
here). Figure 56 shows fits using a varying number of points above the noise floor (all using 
variance weighting). Fits are shown both for each of the four data sets individually, as well as a 
simultaneous fit to all four. For fits using 6 or 7 points (where m is not changing strongly with 
number of points and the uncertainty does not exceed 10%) values of m range from 2.29 to 2.66 
(all with an uncertainty of approximately 0.1), with the simultaneous fit yielding a value of 
2.38 0.12m   , which is the value that is plotted in Figure 56b). This indicates allowing m to 
take non-integer values produces a significantly better agreement between data and theory than if 
m were assumed to take a value of 3.  
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Chapter 7 
Conclusion and outlook 
7.1 Future directions 
Each of this trio of drop impact explorations tested different values of what we assessed to be 
the most important parameters, but leaves much open for future study. In all three cases 
repeating experiments with the same geometric parameters but different materials has great 
potential to provide further insight into the physics. In our analysis here we consider only steady-
state material properties, as plotted in Figure 1. The thixotropic properties of the material could 
be critical to understanding some aspects of the impact behavior. Identifying a yield-stress fluid 
that has similar steady-state properties to Carbopol, but a longer thixotropic restructuring time 
would enable a very valuable comparison of drop impact data. The development of an aqueous 
yield-stress fluid with tunable thixotropy, similar to the system studied in  [81], would also be a 
valuable tool to further experimentation in this space. Materials with matching yield stresses but 
differences in other flow properties (e.g. extensional properties, which have been shown to be 
important in some impact events  [82]) could also expand understanding of these processes.  
In addition to performing experiments with different materials, varying other physical 
parameters that are held constant here offers the possibility of edifying data. As the degrees of 
freedom increase the approach employed here of testing all combinations of varied parameters 
becomes untenable. Using the current bank of data as a guide can allow future experiments to 
carefully select a subset of values of the parameters studied here, and subsequently examine 
other variables. Preliminary exploration with pre-coated surfaces indicates that interesting results 
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are likely to reside in studying oddly shaped drops, as well as surfaces with uneven pre-coatings 
(for example a drop hitting a lump or a crater left by a previous drop, or a partially coated 
surface). Impacting meshes from materials with diverse wetting properties (particularly 
superhydrophobic meshes) also has the potential to provide valuable complementary information 
to the current study. Perhaps most promising is the extension of the heated surface work to larger 
and faster drops (see Figure 63 in Appendix A). The experiments presented here were limited to 
impacts where the drop remained one contiguous mass, but preliminary exploration of drops 
breaking up on hot surfaces indicates fascinating possibilities. The effect of drop spreading and 
fracturing on sticking/sliding behavior is unknown, and the relationship between input 
parameters (drop size, drop speed, and material properties) and breakup behavior on a 
Leidenfrost layer can also be compared to the pre-coated surface results. 
While further experiments present a fount of tantalizing new information, there is still more 
data to be mined from the hundreds of videos of impact events discussed here. Images of the 
breakup of ejection sheets in the coated surface experiments (observing things such as the 
spacing of nucleating holes and the speed at which ruptures expand) are a valuable resource to 
the study of instabilities in yield-stress fluids. Images of some impacts also show short-time 
elasticity with large recoverable strains, which can be difficult to measure with traditional 
rheometry. The scaling relationships shown as guides to the eye in Figures 16-19 also await 
physical rationale, leaving the possibility for more analytical work to provide deeper insight. 
Images of fluid flowing through permeable surfaces also hold currently unquantified data on 
horizontal spread of material and distribution of final drop sizes that may lead to interesting 
conclusions. Heated surface videos also show variety in bouncing and sliding phenomena that 
could elucidate more about the physics of the problem if examined in detail. 
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Beyond variations of the specific cases we tested, impacts of yield-stress fluids on angled and 
vertical surfaces present interesting opportunities (see Figure 64 in Appendix A). Observing how 
much material adheres and how far material runs down a vertical surface in an impact event 
would provide application-relevant knowledge much like that presented here. It is a nontrivial 
design problem to launch a drop of yield-stress fluid with horizontal velocity. We had some 
success in bench-level experiments with a catapulting mechanism (a simple long-armed catapult 
with a hydrophobic cup), as well as a pendulum mechanism (loading fluid into a hydrophobic 
cup on the end of a pendulum that swings down and hits a catch at the bottom of its arc, which 
simultaneously halts the arm and rotates the cup allowing the drop to keep traveling forward). 
However, the best way forward in this area may be to study jets of fluid rather than drops.   
All of the experiments presented here relied heavily on superhydrophobic surfaces for the 
formation and/or delivery of drops to their targets. These surfaces also have potential as the 
impact targets of further experiments. Observing breakup events on superhydrophobic surfaces 
would provide a good comparison for breakup events on hot surfaces (in the full Leidenfrost 
regime), that could isolate what effects are due to low-friction with the surface and what effects 
arise from the presence of film boiling. Further development of the techniques developed here 
using superhydrophobic surfaces to manipulate aqueous yield-stress fluids (e.g. sculpting 
specifically shaped drops) may also be of interest. 
While we studied hot surfaces and we discussed hose flow and surface coating in the context 
of firefighting, we did only preliminary experiments testing drops hitting burning surfaces. The 
primary challenge to further exploration of this problem is the selection of a model burning 
surface. Many surfaces (e.g. wood and fabric) have poor repeatability or are difficult to burn 
evenly. Others (e.g. rubber) give off dangerous fumes when burned. Of the substrates we 
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examined, the most consistent and safe material that burned evenly and was easy to ignite was 
camphor (see Figure 58 in Appendix A), though it also had its imperfections, such as small size 
and shape change during burning. The identification of a better model burning surface would 
enable study into exactly how yield-stress fluids can effectively extinguish flames. 
7.2 Summary 
Here we experimentally observe droplets of yield stress fluid impacting pre-coated, 
permeable and heated surfaces. We focus on a key feature that the presence of a yield stress 
enables: the ability to stick to a surface. 
Impacts onto pre-coated surfaces exhibit many features that are not observed on dry surfaces, 
most importantly the formation of large, long-lifetime ejection sheets with redirected momentum 
that extend away from the impact location. Yield stress droplets also show many features that are 
not present in Newtonian droplet impacts, most importantly the ability to stick and hold odd 
shapes. By varying the droplet size, impact velocity, pre-coating layer thickness, and material 
concentration we demonstrate that the transition from splashing to sticking occurs with 
decreasing input momentum (decreasing velocity and droplet size) and increasing dissipation 
(increasing concentration and thickness). 
In examining the nondimensionalization, we demonstrate that existing dimensionless groups 
do not adequately characterize the problem. By adjusting the definitions to properly incorporate 
yield stress effects and the new length scale of the pre-coating thickness, we show that the ratio 
of the inertial forces to flow forces, calculated as 
2
/y
V D
V t t

 
 
 
  
, can identify regimes of 
stick/splash behavior. This single parameter reduces the dimensionality of the space one must 
examine to determine droplet dynamics, lends insight into the physics of the impact problem, and 
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potentially allows for extrapolation of these results to dynamically and geometrically similar 
situations beyond the explicit material and parameter values explored here.  
The dimensionless group 
2
/y
V D
V t t

 
 
 
  
 also effectively characterizes several quantitative 
measures of the same impact events. Such effects are important to applications: extent and 
contour of material deposition affect the ability to apply an even coating; rebound strength 
affects the ability to adhere to a vertical or slanted surface; and event timescale affects the 
interaction between subsequent drop impact events, in addition to the type of contour that can 
develop on the surface. Quantifying and understanding these trends is therefore a useful tool in 
the design process. 
This analysis alone does not perfectly collapse the observed data, as several factors that are 
omitted here certainly play a role in the impact dynamics. Transient rheology is not considered, 
and Carbopol has been shown to have a thixotropic timescale that would be sufficient to affect 
flow on the drop impact timescale  [7]. The extensibility of the fluid is also not considered, 
though the material sees high rates of extension during expansion of the ejection sheet  [83]. 
Gravity, surface tension, and the density of surrounding air have all been shown to be important 
in various drop impact scenarios, yet are also omitted. Variation in properties of a yield-stress 
fluid beyond that which can be captured purely by a two-parameter model are numerous  [84], 
yet analysis here with the Bingham model still manages to be effective. In this context, it is 
remarkable that such a simple dimensionless group characterizes the observed quantities as well 
as is shown. 
A minor modification to the same dimensionless group is also useful in examining yield-
stress fluid drops at high Weber number that can be completely halted by thin permeable 
substrates (meshes). Yield-stress fluid droplets can stick to an open solid mesh without any 
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dripping through, as though the substrate was impermeable. i.e. permeable surfaces may be 
impermeable to viscoplastic droplets due to the yield stress of the material. A drop can pass 
through with sufficient impact momentum. We have documented a data set covering a range 
from 0% to nearly 100% transmittance through various mesh geometries, by varying drop size, 
drop impact velocity, and rheological properties.  
We demonstrate that the transition from transmittance to adherence occurs with decreasing 
input momentum (decreasing velocity and droplet size) and increasing dissipation (increasing 
concentration). We consider dimensionless groups to reduce the data set,  after demonstrating 
that individual input parameters do not adequately characterize the problem. By constructing a 
dimensionless group to properly incorporate yield stress effects, viscous effects, inertia, and 
mesh geometry, we show that the ratio of the inertial forces to flow forces, calculated as 
 
2
y
V
f V D

 
 (Section 3.3), is predictive of both the percentage of material transmitted and 
the leading edge velocity of exiting material. This single parameter reduces the dimensionality of 
the space one must examine to determine droplet dynamics, lends insight into the physics of the 
impact problem, and potentially allows for extrapolation of these results to dynamically and 
geometrically similar situations beyond the explicit parameter values explored here. Of course, 
many open questions remain, and this experimental dataset is only a start to understanding 
viscoplastic fluid droplet impacts on non-trivial geometries. One can easily recognize a vast 
range of different experimental conditions available, including other geometries, surface 
chemistries, or changing the relative direction of gravitational forces compared to substrate 
orientation (e.g. sticking on a wall or ceiling).  
 Unique yield-stress fluid phenomena are also identified in impacts on heated surfaces. Using 
high-speed video, we report the unexpected trend that increasing the yield stress decreases the 
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temperature required to observe the Leidenfrost effect. Color interferometry lends insight into 
the cause of this trend. When a fluid is Newtonian, the easiest path for forming vapor at the 
interface of the drop and the hot surface is to rise through the fluid. When the fluid has a yield 
stress strong enough to prevent bubbles from rising, the easiest path for vapor to escape becomes 
flowing between the drop and the surface, ultimately escaping around the drop. This focusing of 
vapor in the outward direction creates a partial vapor layer at temperatures where a layer would 
not form in a Newtonian drop. This allows aqueous yield-stress fluid drops to slide off of 
surfaces at lower temperatures than water is able to. 
For the specific application of firefighting, this work develops design criteria for hose flow 
and surface coating of yield-stress fluids. Both steady-state and transient material properties must 
be considered in order to effectively capture the entire problem. A variety of material systems are 
examined, including yield-stress fluids with diverse microstructures. Combining data from full-
scale application-driven experiments with lab-scale rheometric tests, we create diagrams of the 
design space that delineate critical values of material properties. The resulting design maps use 
quantitative material properties that are formulation-agnostic to enable material down-selection.  
For yield-stress fluid constitutive modeling, prior work had shown a unique signature in 
asymptotically nonlinear large-amplitude oscillatory shear. Here experimental data for the 
amplitude-intrinsic regime of aqueous Carbopol 940 is presented (a thixotropic, soft-glassy 
material), demonstrating that a real material system exhibits this previously unexpected scaling 
behavior, contradicting the prediction of all other constitutive models that have been solved in 
asymptotic LAOS, except for the model described here (Eqs. (19) and (20)). This result is 
significant in that it can help inform constitutive model selection. While prior predictions were 
uniform, there is no fundamental reason that a material need exhibit the standard viscoelastic 
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low-amplitude scaling. Other existing theoretical frameworks have allowed for non-integer 
relationships (for example parallel disk corrections for asymptotic nonlinearities  [75]). This 
signature can therefore be an effective tool in evaluating constitutive model selection and model 
parameter calibration, as well as distinguishing materials using asymptotically-nonlinear 
signatures.  
Overall this work provides a greater understanding of yield-stress fluids, and tools for design 
in processes that involve these materials. Drop impact experiments establish criteria for how 
much fluid adheres to a surface in various circumstances. Hose flow and surface coating analysis 
provides a real-world example of material selection for an application. Asymptotic nonlinearities 
inform how thixotropic information can be incorporated into analysis of yield-stress fluids. All of 
this information enables design with and design of these complex materials. 
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[49] K. Black and V. Bertola, Atomization and Sprays 23, 233 (2013). 
[50] J. H. Moon, D. Y. Kim, and S. H. Lee, Experimental Thermal and Fluid Science 57, 94 
(2014). 
[51] a. B. Metzner and J. C. Reed, AIChE Journal 1, 434 (1955). 
[52] D. W. Dodge and a. B. Metzner, AIChE Journal 5, 189 (1959). 
[53] M. . Escudier and F. Presti, Journal of Non-Newtonian Fluid Mechanics 62, 291 (1996). 
[54] R. Sawko, C. P. Thompson, T. E. Simos, G. Psihoyios, and C. Tsitouras, 1696, 1696 
(2010). 
[55] R. Liu and Q. S. Liu, Physics of Fluids 26, 014102 (2014). 
[56] S. E.-D. M. Desouky and M. N. Al-Awad, Journal of Petroleum Science and Engineering 
19, 171 (1998). 
[57] P. Perona, Journal of Food Engineering 60, 137 (2003). 
  
103 
 
[58] J. Peixinho, C. Nouar, C. Desaubry, and B. Théron, Journal of Non-Newtonian Fluid 
Mechanics 128, 172 (2005). 
[59] B. Güzel, T. Burghelea, I. a. Frigaard, and D. M. Martinez, Journal of Fluid Mechanics 
627, 97 (2009). 
[60] B. Güzel, I. Frigaard, and D. M. Martinez, Chemical Engineering Science 64, 254 (2009). 
[61] a. . Pereira and F. . Pinho, International Journal of Heat and Fluid Flow 23, 36 (2002). 
[62] J. Labanda, P. Marco, and J. Llorens, Colloids and Surfaces A: Physicochemical and 
Engineering Aspects 249, 123 (2004). 
[63] J. M. Piau, Journal of Non-Newtonian Fluid Mechanics 144, 1 (2007). 
[64] R. H. Ewoldt, M. T. Johnston, and L. M. Caretta, in Complex Fluids in Biological 
Systems, edited by S. Spagnolie (Springer, 2015). 
[65] C. W. Macosko, Rheology Principles, Measurements, and Applications (Wiley, New 
York, 1994). 
[66] G. German and V. Bertola, Physics of Fluids 22, 033101 (2010). 
[67] J. Boujlel and P. Coussot, Soft Matter 9, 5898 (2013). 
[68] J. S. Uehara, M. a Ambroso, R. P. Ojha, and D. J. Durian, Physical Review Letters 90, 
194301 (2003). 
[69] H. Katsuragi, Physical Review Letters 104, 218001 (2010). 
[70] N. Roussel and P. Coussot, Journal of Rheology 49, 705 (2005). 
[71] R. C. a van der Veen, T. Tran, D. Lohse, and C. Sun, Physical Review. E, Statistical, 
Nonlinear, and Soft Matter Physics 85, 026315 (2012). 
[72] M. F. Ashby, Materials Selection in Mechanical Design, 4th ed. (Elsevier, Oxford, 2011). 
[73] E. L. Cussler and G. D. Moggridge, Chemical Product Design, 2nd ed. (Cambridge 
University Press, Cambridge, 2011). 
[74] B. C. Blackwell and R. H. Ewoldt, Journal of Non-Newtonian Fluid Mechanics 208-209, 
27 (2014). 
[75] N. A. Bharadwaj and R. H. Ewoldt, Rheologica Acta 54, 223 (2015). 
  
104 
 
[76] J. Mewis and N. J. Wagner, Colloidal Suspension Rheology (Cambridge University Press, 
2012), p. 416. 
[77] H. A. Barnes, Journal of Non-Newtonian Fluid Mechanics 70, 1 (1997). 
[78] R. H. Ewoldt and N. A. Bharadwaj, Rheologica Acta 52, 201 (2013). 
[79] N. A. Bharadwaj and R. H. Ewoldt, Journal of Rheology 59, 557 (2015). 
[80] C. Saengow, A. J. Giacomin, and C. Kolitawong, Macromolecular Theory and 
Simulations (2015). 
[81] K. Dullaert and J. Mewis, Rheologica Acta 45, 23 (2005). 
[82] V. Bergeron, D. Bonn, J. Martin, and L. Vovelle, Nature 405, 772 (2000). 
[83] A. Z. Nelson and R. H. Ewoldt, Extending Yield-stress Fluid Paradigms, University of 
Illinois at Urbana-Champaign, 2015. 
[84] R. H. Ewoldt, C. Clasen, A. E. Hosoi, and G. H. McKinley, Soft Matter 3, 634 (2007).  
 
 
 
 
 
 
 
 
  
105 
 
Appendix A 
Other videos 
The drop impact work presented in Chapters 2-4 consists of well-organized, carefully 
performed experiments that systematically examined a defined experimental space. We have also 
produced four videos for the APS Division of Fluid Dynamics Gallery of Fluid Motion: covering 
pre-coated surfaces,
*
 heated surfaces (screen captures shown in Figure 57),
†
 burning surfaces 
(Figure 58),
‡
 and jets impacting meshes (Figure 59).
§
 In the process of determining what merited 
this rigorous treatment, we performed many more informal experiments to see where interesting 
phenomena might exist. Figures 60-65 present screen captures of a few such videos which show 
unique characteristics that may motivate future research.  
                                                 
*
 https://youtu.be/p-U38PsSywg 
†
 http://dx.doi.org/10.1103/APS.DFD.2014.GFM.V0066 
‡
 http://dx.doi.org/10.1103/APS.DFD.2015.GFM.V0007 
§
 http://dx.doi.org/10.1103/APS.DFD.2016.GFM.V0069 
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Figure 57. A jet of 1.00% carbopol sliding along a hot surface. Full Gallery of Fluid Motion video can be viewed at 
http://dx.doi.org/10.1103/APS.DFD.2014.GFM.V0066 or on the Ewoldt Research Group YouTube channel. 
 
 
Figure 58. Drops of water and 0.10% carbopol impacting burning camphor. The water splashes away and fails to 
extinguish the fire, while the carbopol sticks and builds up a coating layer capable of smothering the flame. Full 
Gallery of Fluid Motion video can be viewed at http://dx.doi.org/10.1103/APS.DFD.2015.GFM.V0007 or on the 
Ewoldt Research Group YouTube channel. 
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Figure 59. Jets of water, 0.10% carbopol, and 1.00% carbopol impacting a permeable surface. Much like the drop 
impacts in Chapter 3, the fluid with the higher yield stress is completely stopped, while the fluid with the lower yield 
stress flows through (but is still slowed substantially compared to water). Full Gallery of Fluid Motion video can be 
viewed at http://dx.doi.org/10.1103/APS.DFD.2016.GFM.V0069 or on the Ewoldt Research Group YouTube 
channel. 
 
 
Figure 60. A cylindrical shaped drop of 0.10%Carbopol impacting a 3.6mm pre-coating at approximately 6m/s. The 
irregular shape of the drop gives rise to the peculiar shape of the ejection sheet that is seen in the fourth and fifth 
panels. Shown below the drop is the output of edge-detection code that is used to automate measurement of the 
characteristics of the ejection sheet. 
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Figure 61. A 0.3g drop of 0.6% aqueous polyvynilpyrrolidone impacting a 400°C copper surface at approximately 1 
m/s. Some fluids intermittently show spontaneous, explosive events on hot surfaces. Non-Newtonian fluids 
experience more of these events, as do higher viscosity Newtonian fluids such as the one shown here. 
 
 
Figure 62. A falling drop of a) 0.15% carbopol and b) 1.00% carbopol being struck by a rotating bar. The lower 
yield stress drop breaks into two large sheets, while the higher yield stress drop is cut in two with smaller expansion. 
 
 
Figure 63. A 1mL drop of 0.15% carbopol impacting a 250°C cast iron surface at approximately 4 m/s. At room 
temperature (with all other parameters the same), the drop spreads to a diameter of a ~3cm and stops expanding. The 
presence of the Leidenfrost layer allows the drop to expand further, to the extent where it breaks up. 
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Figure 64. Front and side views of 0.3mm diameter jets of water, carbopol, and laponite impacting a vertical surface 
at approximately 7m/s. The laponite and carbopol have approximately the same yield stress. The laponite has a 
much longer thixotropic restructuring time, which results in a greater spread on impact. The carbopol therefore 
initially builds up a thicker layer (0.16s), which is thick enough to cause the material to run down the surface, 
resulting in a thinner final layer (0.32s). Figure made by Marc Deetjen. 
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Figure 65. A ping pong ball bouncing in a layer of 0.10% carbopol. The impact creates an ejection sheet similar to 
those seen in Chapter 2, but the ball carries a long trail of material with it as it rises. 
